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Abstract 
ABSTRACT 
A voluminous outpouring of tholeiitic lava, the Kalkarinji low-Ti continental flood basalt (CFB) 
province, covered an extensive area of northern Australia in Cambrian times. It comprises the 
Antrim Plateau, Helen Springs, Nutwood Downs and Peaker Piker Volcanics in northern and 
north-western Australia and the Colless Volcanics in Queensland. To the south, the Kalkarinji 
province most likely includes the Boondawari dolerite and Table Hill Volcanics (Western 
Australia). The name Kalkarinji is used here for the first time in this context to describe this 
vast and poorly known CFB province. New high-precision 40 ArP9 Ar dating for feldspar 
separates from the Antrim Plateau and Helen Springs Volcanics yield an average radiogenic age 
of 507 ±4 Ma (2a) which places the Kalkarinji eruption event close to the Early Cambrian -
Middle Cambrian boundary, and links it with the global Toyonian faunal mass extinction. 
The Kalkarinji basalts and dolerites are mineralogically typical of other continental tholeiites in 
that they are dominated by clinopyroxene (augite and pigeonite) and plagioclase, with lesser 
ilmenite, titanomagnetite, and primary and secondary quartz and potassium feldspar. They 
exhibit marked trace element and Sr, Nd and oxygen isotopic enrichments that resemble 
continental crust. Moreover, the basalts and dolerites show depletion in the HFSE, notably Ti, 
P and Nb relative to other incompatible elements, along with extreme enrichment in Th and U 
and high Rb/Ba. PGE abundances are low and PGE patterns are fractionated with high Pt, Pd 
and low Ir implying early sulphide segregation. 
Crystal fractionation was the dominant process responsible for the chemical evolution of the 
basalts from ~9 to 3 wt% MgO. This can be demonstrated using geochemical models based on 
plagioclase and clinopyroxene crystal-liquid partition coefficients determined for aphanitic 
Kalkarinji basalts in this study. Isotopic compositions and key crust-sensitive trace element 
ratios do not correlate with indices of fractionation, e.g.87Sr/86Sr, 6 180 and Ba/Rb show 
negligible variation over a range of Mg#, indicating that the crust-like signature of the 
Kalkarinji basalts was already present, prior to near surface crystal fractionation processes at 
compositions more primitive than 12 wt% MgO. 
Distinctive geochemical features of the North Australian felsic crust such as elevated Th/U 
ratios and high LREE are reflected in the geochemistry of the Kalkarinji basalts pointing to 
North Australian felsic crust as the likely contaminant. Trace element, Sr and Nd isotopic 
geochemical signatures for the majority of the Kalkarinji basalts can be reproduced by 
assimilation and fractional crystallisation involving ~ 10% contamination of a pi critic parental 
liquid by average Proterozoic North Australian felsic crust. Larger, and hence less realistic 
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amounts of crustal contamination are required if other potential crustal compositions, such as 
global average upper crust, are used for trace element modelling; this highlights the importance 
of selecting the most appropriate contaminants for assimilation and fractional crystallisation 
modelling exercises. The distinctive low-Ti signature of the Kalkarinji basalts can be modelled 
by contamination of an NMORB picrite parental liquid, without the requirement for melting of 
depleted peridotite. 
Segregation of the parental picrite magma occurred at ~15-20 kbar, equivalent to depths ~50-70 
km in the mantle. However, in Proterozoic times, 200 km thick, dense, eclogite-rich 
subcontinental lithosphere underlaid the future centre of Kalkarinji volcanism. The presence of 
such thick lithosphere presents great difficulties for mantle plume models because the plume 
cannot rise to realistic segregation depths beneath such a barrier. The plume centre would need 
to be located on the continental shelf, e.g. Bonaparte Gulf to the north, where the lithosphere is 
considerably thinner, however, this is hundreds of kilometres north of the inferred locus of 
Kalkarinji volcanicity. Alternatively, in order for parental picritic magmas to segregate from 
their source at 50-70 km, a substantial portion of the lithosphere would need to be removed by 
508 Ma. It is possible that the anomalous ~90° rapid anticlockwise rotation of the Australian 
continent around the time of basalt eruption was a trigger for catastrophic failure of dense, 
unstable, eclogite-rich subcontinental lithosphere beneath the Halls Creek orogenic belt, the 
presumed locus of Kalkarinji volcanism. The sinking lithospheric delaminate would be 
replaced by an equal volume of upwelling asthenosphere. It is postulated that the upwelling 
asthenospheric diapir experienced partial melting assisted by degassing of volatiles released 
from the sinking lithosphere. This model can explain features of some CFB provinces that 
cannot be explained by mantle plumes including the absence of regional uplift and association 
between CFB provinces and cratonic margins. 
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Chapter 1: Introduction- Continental Flood Basalt Provinces 
CHAPTER! INTRODUCTION: CONTINENTAL FLOOD 
BASALT PROVINCES 
1.1 INTRODUCTION 
Flood basalt provinces are large igneous provinces (LIP'S) that occur in both oceanic and 
continental intraplate settings. They are characterised by large volumes of basaltic lava and 
intrusive dyke-sill systems, and in some cases, crustal underplates. Flood basalt magmatic 
events typically occur over very short geological time intervals, -2-3 Ma (Gallagher & 
Hawkesworth, 1992), but in some cases may extend for longer. 
Continental flood basalt provinces include the Siberian Traps, Deccan Traps and Emeishan (in 
Asia); Keweenawan, Coppermine, Central Atlantic and Columbia River in North America; 
Karoo and Etendeka in South Africa; Parana in South America, the North Altlantic Tertiary 
Province in Greenland and the British Isles; the Ferrar and Tasmanian Dolerites in Antarctica 
and Tasmania, and last but not least, the relatively little known Kalkarinji province of Australia, 
the subject of this study (Figure 1.1). Oceanic flood basalts include the Ontong-Java and the 
Manihiki Plateaus in the Pacific, Cura~ao in the Carribean, and Iceland in the Atlantic. 
. ~ 
' ~ ~anihiki Plateau 
'Kerguelen 
Ferrar 
~province 
Figure 1.1: Global distribution of continental and oceanic large igneous provinces, modified from 
Saunders et al. (1992). 
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Continental flood basalts are predominantly tholeiitic, but significant chemical diversity exists 
within individual provinces, such as MgO-rich picritic magmas (e.g. Deccan, Karoo, 
Keweenawan), and high and low Ti02 basalt suites (e.g. Karoo, Parana - Etendeka) (Wilson, 
1989; Carlson, 1991) with distinctive geochemical signatures. 
Continental flood basalt provinces share many overall similarities including volume, areal 
extent, eruption style, brevity of eruption and petrographic, geochemical and isotopic 
characteristics e.g. MacDougall, 1988; Carlson, 1991. Individual continental flood basalt suites 
nevertheless exhibit features which distinguish them from each other. For example, some 
provinces are bimodal, in that they contain genetically related mafic and felsic volcanism, e.g. 
rhyolites and basalts in the Parana-Etendeka province, Peate (1997), rhyodacites from Butcher 
Ridge, Darwin Glacier in the Ferrar Province (D. Green, pers. comm. , 2002). In contrast, the 
two Australian provinces, the Kalkarinji and the Tasmanian Dolerites, lack contemporaneous 
felsic volcanism. 
The most fundamental geochemical distinction between continental flood basalt suites is their 
Ti02 content, which enables them to be sub-divided into low and high Ti02 suites. A given 
province may contain one or both suites. Examples of provinces where both suites are present 
include the Columbia River, Parami-Etendeka, Karoo, Siberian and Deccan Traps. High-Ti 
suites are characterised by higher Fe01and P20 5, but lower Si02 relative to low-Ti suites. High-
Ti suites often occur amongst the earliest eruptive units in flood basalt provinces, e.g. Sweeney 
et al. (1991 ). Peate ( 1997) suggested that low-Ti suites be defined as those with TiN <31 0 
based in part on observations of Hergt et al. (1991) who noted the low Ti/Y character of 
tholeiites of the Transantartic Mountains. 
1.2: PETROGENETIC MODELS FOR CONTINENAL FLOOD BASALT PROVINCES 
Considerable controversy surrounds the petrogenesis of continental flood basalt provinces. In 
particular, workers in this field have designated varied roles for: 
(i) the asthenosphere 
(ii) the sub-continental lithosphere 
(iii) crustal contamination (assimiliation and fractional crystallisation -AFC 
processes) 
The association of large igneous provinces with rifting, continental break-up and uplift and with 
global mass extinction events are all areas of controversy. A variety of different models have 
been proposed to account for large igneous provinces, including mantle plumes, convective 
partial melting models, melting involving volatile components and source-region enrichment 
prior to the magmatic event. 
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Numerous mechanisms to explain individual geochemical signatures and isotope anomalies 
have been advanced. Some basalts have enriched geochemical signatures, which have been 
attributed to asthenosphere-derived melts interacting with continental crust. Alternatively, the 
source regions for such basalts might occur in enriched (metasomatised) sub-continental 
lithospheric mantle and the enrichment may be due, for example, to the presence of a subducted 
sedimentary component (Hergt et al., 1991) or to metasomatism caused by the migration of 
alkaline, incompatible element-enriched melts in the lithosphere, Chung & Jahn, 1995. 
Fundamental aspects of the petrogenesis of flood basalts, include: 
(i) contamination of the basaltic magmas by interaction with continental crust -
crystal fractionation and assimilation processes (AFC) 
(ii) interaction between asthenospheric (e.g. mantle plume source) and sub-
continental lithosphere , i.e. mixing depleted and enriched mantle 
(iii) lithospheric and asthenospheric enrichment processes prior to the flood 
basalt event 
(iv) brief and voluminous eruptive events 
(v) the petrogenesis oflow-Ti versus high-Ti basalts 
(vi) the common occurrence of continental flood basalts on cratonic margins 
(vii) how continental flood basalts penetrate the sub-continental lithosphere 
Different models for the petrogenesis of flood basalt volcanism are discussed below. 
1.2.1: Mantle Plume Models 
Campbell & Griffiths (1990) suggested that flood basalt genesis involves the ascent of mantle 
plumes driven by thermal buoyancy forces , a concept first proposed by Morgan (1981). These 
plumes are thought to originate from a thermal boundary layer, possibly at the core-mantle 
boundary. From laboratory experimental studies, Campbell & Griffiths (1990) determined that 
plume geometry involves a large mushroom-shaped head on top of a narrow feeder tail. En 
route to the surface, the plume head is thought to entrain lower mantle material and so become 
thermally and compositionally zoned. When the plume head approaches the rigid lithosphere it 
spreads out laterally (diameter of~ 1 OOOkm for plumes generated at the core-mantle boundary 
and <300 km for plumes originating at the base of the upper mantle). Partial melting of the 
zoned plume head results in voluminous tholeiitic continental flood basalt provinces. In 
contrast, the uncontaminated plume tail produces high-temperature picritic melts, consistent 
with melting of an OIB source. In the waning stages of plume activity a volcanic chain may 
form as the plate moves over the declining feeder tail. 
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One consequence of the plume model is that significant crustal uplift occurs approximately I 0-
20 Ma prior to the onset of volcanism, reaching a maximum of 500-1000 m when the pi ume is 
-100-200 km from the surface. As the plume head spreads laterally beneath the lithosphere, 
uplift beneath the plume axis is replaced by subsidence, while uplift continues at the margins of 
the plume head. Upon extrusion of the basalt, the rate of subsidence is increased, then gradually 
decreases over time as heat associated with the plume is lost. This scenario is consistent with the 
geological history of the Deccan Province (Campbell & Griffiths, 1990), however, for the 
Siberian Traps, Czamanske et al. (1998) find no evidence for uplift prior to volcanism. 
The Campbell & Griffiths model requires flood basalt volcanism to be the product of 'hot spot' 
activity linked to a plume head, and such a view is supported by correlations between various 
present-day hot spots and flood basalt provinces, e.g. the Deccan Traps (plume head) and the 
present-day Reunion Island hot spot (plume tail). 
1.2.2: Melting of an Enriched Lithospheric Source 
Hergt et al. (1989; 1991) suggested that the petrogenesis of the low-Ti Ferrar-Tasmanian 
province involved partial melting of a depleted mantle source containing :::;3 wt% of a subducted 
sediment component. They argued against significant pre-eruptive crustal contamination and 
assimilation, on the basis that the amount of crust that would have to be assimilated in order to 
generate the observed trace element and isotopic abundances would be unrealistic, at least 30% 
crust contamination. Furthermore, the uniform composition of the Tasmanian and Ferrar 
Dolerites argues against substantive pre-eruptive crustal contamination, which might be 
expected to give rise to heterogeneous and regionally distinct compositions. More importantly, 
the low-Ti signature characteristic for this province can be explained as an attribute inherited 
from the mantle lithosphere, (Hergt et al. ( 1989; 1991 ). 
1.2.3: Interaction between asthenospheric magma and sub-continental lithosphere 
Ellam & Cox (1991) suggested that Karoo pi critic magmas of the Nuanetsi and Lebombo 
regions were contaminated as they passed through the mantle lithosphere. In their model, 
asthenosphere-derived melts are presumed to have interacted with lamproitic magmas derived 
by partial melting of metasomatised lithosphere, to produce the enriched trace element 
signatures in the picrites, e.g. high Ba!Nb and low Ce/Pb ratios. This view is consistent with 
Re-Os isotopic studies (EIIam et al. , 1992) in which the Os-isotopic character of the Nuanetsi 
picrites is best explained as a mixture between enriched sub-continental lithospheric mantle and 
plume-derived material. 
Interaction of asthenosphere with lithospheric mantle was likewise advocated by Chung & Jahn 
(1995) for the Permian-Triassic Emeishan flood basalts in south-western China. The basalts 
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are subdivided into two distinct groups based on (Ce/Yb)N ratios. The authors argued that at 
least two distinct processes were involved in their generation, crustal contamination and 
interaction with a lamproitic melt. The latter process is postulated for picritic compositions, 
which are strongly enriched in the LREE. 
Other authors, however, dispute a lithospheric involvement. Campbell & Griffiths (1990) 
argued that the continental mantle lithosphere, being part of the cold boundary layer at the top 
of the mantle, is highly unlikely to partially melt because it cannot be heated quickly enough 
over the brief lifespan of continental flood basalt provinces. This is further endorsed by Arndt 
& Christensen's ( 1992) lithospheric dynamics model , which showed that the proportion of melt 
generated from the lithosphere is likely to be negligible and would never exceed 3% (assuming 
anhydrous melting). These authors, however, believe that contamination of an asthenospheric 
plume-derived magma with continental crust can explain many of the geochemical 
characteristics of continental flood basalts, but cannot account for the large negative Nb 
anomalies that characterise many continental flood basalts. In order to account for these 
features, Arndt & Christensen suggested a complex model requiring selective extraction of 
incompatible trace elements during reaction between ascending continental flood basalt magma 
and metasomatic zones within the lithosphere. They suggested that different crystal-melt 
dissolution rates between hydrous silicates (e.g. amphibole and mica) and oxides (e.g. ilmenite, 
rutile) result in the low Nb/LREE ratios observed in many continental flood basalts. They 
therefore proposed that continental flood basalts are hybrid magmas in which some key trace 
element ratios have been acquired by magma -lithosphere interaction without necessitating 
melting of the lithosphere. 
1.2.4: Lithosphere-dehydration melting model 
Gallagher & Hawkesworth (1992) present yet another model for continental flood basalt 
petrogenesis. They proposed that extensive melting occurs within hydrous mantle lithosphere 
during lithospheric rifting which may be accompanied by impingement of a plume at the base of 
the lithosphere. The presence of small amounts of water in the lithospheric source ( ~0.4%) has 
the effect of lowering the mantle solidus, thereby yielding considerable melt volumes at 
moderate temperatures (< 1300°C). The water is initially stored in amphibole within the 
mechanical boundary layer of the lithosphere (<100 km depth) however the mechanism by 
which this water was first introduced into the lithosphere has not been specified by the authors. 
Gallagher & Hawkesworth proposed that dehydration melting initially occurs within the 
mechanical boundary layer and as lithospheric extension increases, increasing proportions of 
melt are derived by adiabatic decompression melting of the asthenosphere. 
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Turner & Hawkesworth ( 1995) also suggested that continental flood basalts acquired their high 
Si02 and low Ti02, FeO~> and Ca0/Al20 3 chemical signatures by melting of depleted, hydrated 
peridotite located within the lithosphere. It is believed that the depleted lithospheric peridotites 
were enriched in volatiles and incompatible elements prior to the melting event. For the 
Gondwana continental flood basalt provinces, the authors conclude that this enrichment took 
place during the Proterozoic on the basis of Sr and Nd model ages. 
1.2.5: Convective Partial Melting Model 
Some authors e.g. Anderson (1994, 1998), King & Anderson (1995) and Sheth (1999) adopted 
the convective partial melting model of Mutter et al. ( 1988) in order to explain the large 
volumes of magma produced over relatively short time intervals. Mutter et al. (1988) proposed 
a model for partial melting in which lateral temperature contrasts initiated by rifting and 
asthenospheric upwelling drive small-scale convection in the upper mantle. Deep, hot mantle 
material is transported upwards by convection, resulting in larger volumes of mantle flow 
through the region of partial melting than is the case for passive upwelling. 
Anderson (1994) observed that continental flood basalt provinces commonly occur at the 
margins of old cratons. He proposed that volcanism occurs where thick, older cratonic 
lithosphere is juxtaposed against thinner lithosphere, the suture being the locus of considerable 
strain and crustal weakness. However, this model requires a very specific subcontinental 
lithospheric architecture. Anderson (1994) further suggested that a shallow enriched layer, 
which behaves rheologically the same as the asthenosphere, directly underlies the lithosphere 
and overlies the depleted MORB-source mantle. He terms this enriched layer the "perisphere" 
and attributes its enrichment to dehydration reactions, fluxing of fluids and recycling of oceanic 
sediments during former subduction events and also the migration of incompatible element 
melts during mantle metasomatism. The mechanism he proposes for generating voluminous 
partial melts relies on lateral temperature gradients to set up small-scale convection cells that 
cycle mantle material rapidly into the zone where partial melting is to occur. Pre-existing 
tensional stresses in the overlying lithospheric plates initiate rifting and provides the necessary 
conduits for magmas to extrude onto the land surface. 
1.3: PURPOSE AND AIM OF INVESTIGATION 
From the above discussion, it is apparent that the petrogenesis of continental flood basalt 
provinces is still a controversial topic, with emphasis on the processes responsible for the 
enriched signatures typical of many continental flood basalt provinces. Moreover, the genesis 
oflow-Ti and high-Ti basalt (and dolerite) suites is likewise unresolved. 
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The Kalkarinji low-Ti continental flood basalts in northern Australia (Figure 2.1) are typically 
depleted in the high field strength elements (HFSE) e.g. Ti, Nb and P, and show trace element 
and isotopic enrichment typical of continental crust. This province therefore provides a unique 
opportunity for evaluating the above models. 
1.4: THESIS ORGANISATION 
Chapter 2: Kalkarinji Low-Ti Continental Flood Basalt Province 
This chapter introduces and describes the field relations and stratigraphy of the Early-Cambrian 
Kalkarinji continental flood basalt province (and coeval flood basalts to the south). A brief 
summary of the regional geology of northern Australia is given and an overview of Cambrian 
tectonics is presented. Possible links between Cambrian mass extinctions and the Kalkarinji 
continental flood basalt province are evaluated. 
Chapter 3: Petrography and Mineral Chemistry of the Kalkarinji Basalts and Dolerites 
In this chapter, the petrography and mineral chemistry of the Kalkarinji basalts and dolerites are 
described. The sequence of crystallisation for selected Kalkarinji basalts over a range of MgO 
contents is discussed. 
Chapter 4: Geochronology of the Kalkarinji Low-Ti Continental Flood Basalt Province 
Stratigraphic and previous isotopic age constraints for the Kalkarinji province are discussed in 
this Chapter. Precise 40 Arr Ar results from plagioclase separates from Kalkarinji basalts from 
across the province are presented for the first time. 
Chapter 5: Geochemistry of the Kalkarinji Low-Ti Continental Flood Basalt Province 
Major, minor and trace element geochemistry for the Kalkarinji basalts and dolerites are 
presented in this chapter. There is also an assessment of crystal fractionation chemical 
evolution trends and fractionation modelling using the MELTS and Petrolog computer programs 
to evaluate these trends, so the observed enrichment factors for various trace elements can be 
compared with calculated enrichment factors. Trace element abundance patterns are presented 
as chondrite and primitive mantle normalised diagrams and their features and significance 
discussed. Lastly, geochemical variation for two stratigraphic sequences in the East Kimberley 
are evaluated. 
Chapter 6: Strontium, Neodymium and Oxygen Isotope Geochemistry 
Sr, Nd and oxygen isotope geochemistry for selected rocks from the Kalkarinji province are 
presented in this Chapter. Isotope variation for two stratigraphic sections is discussed. 
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Chapter 7: Geochemical and Isotopic Comparison between the Kalkarinji Flood Basalts ami 
Continental Flood Basalt Provinces Worldwide 
The major, trace element and Sr, Nd and oxygen isotope geochemistry of the Kalkarinji basalts 
and dolerites are compared with continental flood basalts worldwide. The origin for Low-Ti 
and High-Ti basalts is discussed with examples from the literature. Major and trace element 
abundances for the Kalkarinji province are compared with other flood basalt provinces, and also 
with intraplate oceanic flood basalts, and various mantle reservoirs and average continental 
crust. Bivariate trace element diagrams maximise the separation for individual provinces and 
trace element trends are discussed. 
Chapter 8: Determination of Mineral-Melt Partition Coefficients 
Crystal-liquid partition coefficients for plagioclase and clinopyroxene have been determined for 
aphanitic Kalkarinji basalts using laser ablation-ICPMS methods. The quality of the data is 
evaluated and compared to other data from the literature by plotting Onuma diagrams. Finally, 
partition coefficients determined from this study are used for geochemical modelling to test 
whether fractionation alone can reproduce the linear trends observed for selected trace elements. 
Chapter 9: Petrogenesis of the Kalkarinji Low-Ti Continental Flood Basalt Province 
Two component mixing models, assimilation and fractional crystallisation and thermal models 
are used as a basis for understanding the trace element and isotopic enrichment trends evident in 
the Kalkarinji basalts and dolerites. In parallel, the choice of initial liquid compositions and 
potential assimilants are discussed. Conditions of partial melting, i.e. pressure and depth are 
constrained. The results from the geochemical and isotopic modelling and constraints for 
partial melting are discussed and the tectonic regime for the genesis of the Kalkarinji basalts and 
dolerites is thereby evaluated. A model for petrogenesis of the low-Ti Kalkarinji flood basalts, 
with applications to other continental flood basalt provinces, is proposed. 
Chapter 10: Conclusions 
An overview of results, observations, interpretations and conclusions from previous chapters are 
presented in this chapter. 
Appendix I: Sample locations 
Appendix II: Mineral Compositions 
Appendix Ill: Geochronology 
Appendix IV: Major & Trace Element Analytical Methods 
Appendix V: Strontium, Neodymium and Oxygen Isotope Analytical Methods 
Appendix VI: Mineral-Melt Partition Coefficient Methods 
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CHAPTER 2: THE KALKARINJI CONTINENTAL FLOOD 
BASALT PROVINCE AND REGIONAL GEOLOGY 
2.1: INTRODUCTION 
The Early Cambrian Kalkarinji Continental Flood Basalt Province covers an extensive area of 
northern Australia, with a surface exposure of 425,000 km2 (Veevers, 2001) and inferred 
original extent of at least 1,000,000 km2• It comprises the Antrim Plateau Volcanics, including 
the ~250km long Milliwindi dolerite as discussed in Hanley (now Glass) & Wingate (2000) 
Appendix III, and the Mount Ramsay dolerite, which represent feeder dykes to the province. 
Stratigraphic equivalents to the east comprise in the Northern Territory: the Helen Springs 
Volcanics, Nutwood Downs Volcanics, Peaker Piker Volcanics, and in western Queensland: the 
Colless Volcanics. Coeval basalts and dolerites to the south in the Savory Basin (the 
Boondawari dolerite; M Wingate pers. comm. , 2000) and in the Officer Basin (the Table Hill 
Volcanics with 90,000 km2 of surface exposure; Veevers, 2000), are presumed to be part of this 
vast province (Figure 2.1 ). 
extent of Kalkarinji 
province 
Milliwindi 
Nutwood 
Downs 
' 
' Colless 
- •o 11·: -k Volcanics 
. 'B 1 , P Plateau \ \ 1 emc, e .t MotiJ:l Halls Creekvolcanics , 
Boondawan Ramsay O!:Ogenic Hel~n , ..- Peaker Piker 
dolerite -4508 dolerite BeiC - - - - - _ -, __ fu>pag~ Volcanics 
Ma ', \ Table Hill ' Volcamcs 
' Volcani~' 
', _...,..-s~7'Ma /' ... __ ,,' 
Possible areal extent of 
Kalkarinji province 
0 300km 
D Kalkarinji basalt (outcrop extent) 
D King Leopold and Halls Creek Orogenic belts 
Figure 2.1: Schematic map showing outcrop extent and probable regional extent based on drill 
hole data intersecting basaltic flows across the province. 
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Kalkarinji basalts underlie sedimentary strata of a number of Palaeozoic basins in Western 
Australia and the Northern Territory including the Hardman, Ord, Bonaparte, Wiso, Daly River 
and Georgina basins (Bultitude, 1976). Hanley & Wingate (2000) suggested that basalts may 
have covered the Kimberley Basin and have subsequently been eroded due to repeated uplift in 
this region. Aeromagnetic data from the Mount Isa Block in northwestern Queensland show the 
presence of basalt flows within the Georgina Basin stratigraphy, which extends the province 
even further to the east (Gunn pers. comm. , 2000). The areal extent of the province has been 
constrained from numerous drill log data from the Northern Territory Geological Survey and 
Geoscience Australia, where Kalkarinji basalt has been intercepted across the span of northern 
Australia. The province is estimated to have a minimum volume of 0.15 million km3 if the 
Boondawari dolerite and the Table Hill Volcanics are included. However, this estimate is 
conservative as it does not take into account basalt since eroded. 
Kalkarinji basalts underlie Palaeozoic strata of the Bonaparte Basin on the attenuated 
northwestern continental shelf of the Australian continent. Tectonostratigraphic correlations 
during the late Proterozoic indicate that the Tarim Block and the North China Block were 
probably attached to northwestern Australia (Li et a!., 1996). It is possible therefore, that 
Cambrian basalts may be preserved on Asian microcontinental blocks once present to the west 
and north of the Kimberley block prior to Palaeozoic rifting events. 
In contrast to other flood basalt provinces, which have a typical thickness of 2-4 km, the 
maximum known thickness of the Kalkarinji basalts is -1500m in the East Kimberley region of 
Western Australia (Mory & Beere, 1988). The greatest outcrop extent is in the Victoria River 
region of the Northern Territory where the basalts appear truncated against the eastern margin 
of the Halls Creek mobile belt with only minor basaltic occurences to the west (Figure 2.1). 
Bultitude (1976) found that eruptive centres for the Kalkarinji basalts were not easily 
recognisable, probably because the vents were buried by later lava flows. Mory (1990), 
however, suggested that major eruptive centres were located in the Halls Creek orogenic belt 
where the basalts are at their thickest and noted that the basalts thin progressively to the north. 
Recent aerial magnetic imagery in the Victoria River region (K. Slater, pers. comm., 1999) 
reveals greater detail of eruption centres including an east-west linear fissure system of -20-50 
km length in which lava flows can be traced for more the 30 km to the south. The Wave Hill 
aeromagnetic survey (NTGS, 2002) reveals a remarkable ~250 km long structure interpreted as 
a lava river perhaps confined within a thermal erosion channel that flows west to east across the 
western Northern Territory, Figure 2.2. The maximum width for the erosion channel as seen 
from the image is ~4 km. These channels are reminiscent of lunar rills. The source vent for the 
lava river is unknown until future high-resolution aeromagnetic data becomes available. 
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Figure 2.2: Aeromagnetic image showing possible lava river or thermal erosion channel for 
Kalkarinji lavas. Image courtesy of Northern Territory Geological Survey Organisation. 
Field relationships of the Kalkarinji basalts have been described previously, e.g. Traves (1955), 
Randal and Brown (1967), Bultitude (1976) and Mory & Beere (1988). Bultitude (1974, 1976) 
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described in some detail the petrography of the Antrim Plateau, Helen Springs, Nutwood Downs 
and Peaker Piker Volcanics. 
The Kalkarinji basalts comprise a series of ~20-60m thick lava flows of mostly fine-grained 
massive basalt, with less common plagioclase-phyric porphyritic basalt, and conspicuous 
vesicular, often amygdoidal and brecciated flow tops. Strongly brecciated, predominantly fine-
grained basalts are common towards the top of the sequence and are probably the result of 
autobrecciation. The basalts vary in texture across the province and include locally in the 
western part of the province, glomeroporphyritic (often columnar-jointed) basalts, which attest 
to ponding of lavas in thick sections, facilitating slow cooling. Porphyritic (plagioclase-phyric) 
basalts also occur sporadically to the west. 
Certain areas of the Kalkarinji province have been extensively hydrothermally altered, 
especially in the East Kimberley and south-eastern Victoria River region. Vesicular and 
amygdaloidal basalts have amygdales composed of secondary chlorite, calcite, quartz, amythest 
and prehnite. Quartz and more rarely, amethyst geodes are a common feature associated with 
these basalts. Alteration may have been related to cooling of the basaltic pile, resulting in 
hydrothermal, meteroic fluids percolating through the most porous basalts. While a 
considerable portion of the basalts are weathered and altered, relatively fresh material can still 
be found throughout the province. 
In the western part of the province, the basalts unconformably overlie Proterozoic basement of 
various stratigraphic ages, Figure 2.3. 
To the east, the Nutwood Downs Peaker Piker Volcanics are conformably underlain by the 
Bukalara Sandstone (Bultitude, 1976; W. Taylor, pers. comm., 1998). The Bukalara Sandstone, 
which overlies Proterozoic units of the McArthur Basin region, contains diagnostic trace fossils 
of Early Cambrian age (Ahmad & Wygralak, 1989) and provides a maximum stratigraphic age 
constraint for the Kalkarinji basalts and dolerites. Similar stratigraphic constraints with respect 
to underlying sedimentary units do not exist for the Kalkarinji basalts in the west. 
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Figure 2.3: Cambrian stratigraphy for the Kalkarinji Flood Basalts including the Antrim Plateau 
Volcanics and correlated units. The timescale is taken from Young & Laurie (1996). 
Basalt flows are intercalated with thin beds of aeolian sandstone, conglomerate, siltstone and 
stromatolitic chert (Randal & Brown, 1967), however, age-diagnostic fossils have not been 
found (Bultitude, 1976). The Kalkarinji basalt sequence is overlain by limestone and silicified 
limestone of Middle Cambrian age (west to east: Headley, Montejinni and Tindall Limestone 
and Gum Ridge Formation). In the Katherine region, palaeontological evidence indicates that 
the unconformably overlying Tindall Limestone spanned the late Ordian and early 
Templetonian stages of the Australian Middle Cambrian (Kruse et al., 1994). 
2.2: STRATIGRAPHIC SECTIONS AND SAMPLE SITES 
Fresh, relatively unaltered samples from the Kalkarinji province were collected across the 
breadth of the province both from areas where the basalts and dolerites crop out and also from 
drill core, especially in areas where the lavas are under cover. Sample sites are shown 
diagramatically in Figure 2.4. 
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Figure 2.4: Schematic map showing areas of sample collection, incorporating outcrop samples and 
drill core material. For approximate sample locations for the Boondawari dolerite in the Savory 
Basin and the Table Hills Volcanics in the Officer Basin (not shown on this diagram) refer to 
Figure 2.1. 
The Kalkarinji basalts attain their greatest thickness in the East Kimberley, and it is here that 
two areas were selected for stratigraphic sampling. The sites targeted are the Gordon Downs 
stratigraphic section near the Elvire River in the south-east Kimberley, and the Purnululu 
section in the Purnululu National Park in the east Kimberley. The basalts in both sections are 
tilted ~ 1 0~ 15° to the east, and rocks from individual flows could be easily sampled. 
Approximately eight flows are present in the Gordon Downs section, which has a total thickness 
of ~590m (Figure 2.4). The section through Purnululu National Park has a total thickness of 
-760m and comprises approximately 15 flows (Figure 2.5). 
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Figure 2.5: Stratigraphic sections through Purnululu and Gordon Downs, East Kimberley, W.A. 
The uppermost part of the Gordon Downs sequence consists of highly-brecciated, fine-grained 
basalt, ~1Om thick. Directly beneath this brecciated zone lies massive fine-grained, aphanitic 
basalt. This sequence typifies the uppermost section of the Kalkarinji basalts. The majority of 
the basalts are medium-grained, often porphyritic, and in some cases, highly altered. Highly 
altered basalts towards the base of the stratigraphic section are associated with quartz geodes, 
indicating interaction with hydrothermal fluids. As the basaltic pile was cooling, a 
hydrothermal convective cell may have formed, redistributing and precipitating silica. The 
unconformable contact with the Proterozoic sandstone shows evidence of heating from the 
overlying Kalkarinji basalt, as the top 5 em of the sandstone has been converted to an indurated 
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quartzite. The basalts lie unconformably to the west on the Neoproterozoic Albert Edward 
Group and to the east, underlie the Lower-Middle Cambrian Headleys Limestone. 
In the Pumululu section, the base of the Kalkarinji basalts consists mainly of massive, medium-
grained basalt for ~180m. Towards the east, up sequence, the basalts range from fine-medium 
and medium-grained, porphyritic basalts (the prominence of plagioclase phenocrysts often 
enhanced by surficial weathering) and very locally, near the top of the sequence, 
glomeroporphyritic basalts are present. Fine-grained, often brecciated basalt, representing the 
Blackfella Rockhole Member, as described by Mary & Beere (1988), is found near the upper 
contact to the limestone. Abundant quartz geodes are found near the top of the medium-grained 
basalt sequence. Throughout the sequence, vesicular flow tops often mark the boundaries 
between successive flows. In many cases, obvious changes in basalt types were unaccompanied 
by vesicular flow tops, however these flow tops may not have been preserved, hence it is 
difficult to precisely determine the exact number of lava flows. 
Extremely altered vesicular pipe-like structures are locally abundant. These probably represent 
infilled gas escape structures, which allowed release of volatiles trapped in underlying lava 
flows. 
2.3: REGIONAL GEOLOGY AND TECTONIC SETTING 
2.3.1: Regional Geology 
The North Australian Craton is bounded by younger Proterozoic mobile belts of the Central 
Australian Orogenic Province along the eastern and southern margins (Plumb et al. , 1981). The 
basement was cratonised during the Palaeoproterozoic, then overlain by Mesoproterozoic 
platform cover (Plumb et al., 1981). The North Australian Craton comprises domains where 
Palaeoproterozic successions were deformed, metamorphosed and cratonised prior to the end of 
the Palaeoproterozoic. 
The Kimberley Block is surrounded by two orogenic belts, the King Leopold and the Halls 
Creek Orogenic Belts. The block is believed to represent a microcontinent which collided with 
northern Australia at ~1830 Ma (Myers et al., 1996). This was immediately followed by crustal 
magmatic activity. Sheppard et al. (1999) suggested that metabasalts from the Palaeoproterozic 
Tickalara Metamorphics in the Halls Creek Orogenic Belt formed in an oceanic island 
arc/backarc tectonic regime, similar to a modem day subduction zone environment. 
Basement rocks for the North Australian Craton include remnants of Archaean rocks (~2500 
Ma) overlain by younger Palaeo- to Mesoproterozoic volcanic and sedimentary sequences and 
Palaeozoic basin cover. Most Proterozoic granitoids and volcanic rocks were emplaced 
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between 1800 to 1500 Ma, with minor activity between 1200 to 1050 Ma and 700 to 600 Ma 
(Wyborn et al., 1998). 
2.3.2: Cambrian Tectonics 
Following breakup of Rodinia after ~ 725 Ma, the supercontinent Gondwana began to assemble 
in the latest Neoproterozoic to Middle Cambrian (Powell et al., 1993). During the Cambrian, 
Australia was part of this supercontinent and was bounded to the south by Antarctica and to the 
west by Greater India. Asian microcontinental blocks were believed to be located to the north-
east and north-west (Metcalfe, 1996). Li et al. ( 1996) suggested that prior to breakup of 
Rodinia, the Tarim Block in present-day China, may have been connected to the Kimberley 
block and further suggested that Antrim basalts in the Kimberley may be related to rifting of the 
Tarim. Further, Bond et al. (1984) suggested that the distribution of Antrim (Kalkarinji) basalts 
was indicative of a south~eastward trending failed triple junction in the initial stage of breakup 
along the north western margin of Australia. 
Veevers et al. (1997) posulate continental breakup at ~560 Ma by growth of the Paleo-Pacific 
and Iapetus oceans. The authors associate this breakup with extrusion of the Antrim Plateau 
Volcanics (Kalkarinji) and assume an age for volcanism of 560-555 Ma (Veevers, 2000). 
However, Hanley & Wingate (2000) have shown that the age for the Antrim Plateau Volcanics 
is 513 ±12 Ma and from this work (Chapter 4) the Kalkarinji province is dated at 507±2 (1a). It 
is therefore unclear how this younger age fits with their proposed tectonic scenario. The 560Ma 
age, however, coincides with initiation of the King Leopold orogeny in the West Kimberley 
region of north-west Australia (I. Tyler pers. comm. 2000). The orogeny represents a period of 
intense deformation and metamorphism. The Milliwindi dolerite of Hanley & Wingate (2000), 
a feeder dyke for the Kalkarinji basalts, cross-cuts rocks deformed in the King Leopold orogeny 
providing a minimum age for this event (Shaw et al. , 1992). After extrusion of the Kalkarinji 
basalt, widespread sub-detachment lithospheric stretching, continental extension and basin 
development occurred across northern Australia in the early Palaeozoic (Shaw, 1991). 
In late Neoproterozoic to Cambrian times, the south-eastern margin of the proto-Australian 
continent (East Gondwana) was a passive margin, in which extension led to rift-related basaltic 
volcanism in western New South Wales, South Australia and Tasmania (Foden et al., 2002). 
The later Early to Middle Cambrian Ross-Delamerian Orogeny, (Haines & FlOttmann, 1998) 
marked a change in tectonic style along the Gondwana eastern margin from extension to 
convergence (Foden et al., 2002). This convergent phase was associated with the onset of 
subduction, resulting in boninite and andesite magmatism. Cambrian andesitic volcanism is 
known from the Mt Wright Volcanics in western New South Wales (Crawford et al., 1997), the 
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Mooracoochie Volcanics in the Warburton Basin, Central Australia, and the Mount Read 
Volcanics in Tasmania (Cook, 1988). 
The Petermann orogeny, an intraplate orogenic event, occurred in Central Australia during the 
late Neoproterozic to Early Cambrian times (Hand & Sandiford, 1999). This involved dextral 
strike-slip between northern and southern Australia ~550-530 Ma, and after cessation, north-
west- south-east extension occurred in the Early Cambrian. Hand & Sandiford (1999) associate 
this event to deposition of a thick pile of sediments and long-term lithospheric weakening. 
Basin development was extensive during the Cambrian and Figure 2.6 shows sedimentary 
basins in the vicinity of Kalkarinji volcanism. Also shown are the Savory and Officer Basins 
which host coeval tholeiites and dolerites, however these basins were initiated in the Proterozoic 
(I Williams, 1990; R Iasky, 1990). 
Assumed minimum 
areal extent of 
Kalkarinji province 
areal extent of 
Kalkarinji province 
Bonaparte 
basin 
Figure 2.6: Cambrian basins in northern Australia including location of coeval Boondawari 
dolerite, Savory Basin (part ofBangemall Basin) and Table Hill Volcanics in the Officer Basin. 
The Table Hill Volcanics, dated at 500±7 Ma by K-Ar, (I. McDougall in Veevers, 2000) cover 
an area of ~90,000 km2 (Walter & Veevers, 1997). Zircons in a dolerite dyke in the Savory 
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Basin have been dated by U-Pb geochronology at 508 Ma (M. Wingate, pers. comm., 2000). It 
will be demonstrated in Chapter 5 where the bulk rock geochemistry is evaluated, that the trace 
element signatures of the Boondawari dolerite and the Table Hill Volcanics are virtually 
identical to that of the average Kalkarinji basalt. 
On a regional scale, at ~544 Ma Australia, then part of the Gondwana supercontinent, was 
located in the northern hemisphere and (in reference to the present day configuration) oriented 
north (Figure 2. 7). By ~490 Ma the continent had rotated ~90°anticlockwise and was located 
on the equator (Veevers, 2000). Dating of the Kalkarinji province (Hanley & Wingate, 2000 
and this work, Chapter 4) places the time of eruption within the time frame of the rapid rotation 
of the Australian continent. This was the only time in the Phanerozoic where such an abrupt 
change in orientation is recorded. 
Figure 2. 7: Global position of Australia (within the supercontinent Gondwanaland) at 544 and 490 
Ma (based on palaeomagnetic data of Schettino & Scotese (2001) in Veevers (2001). 
The rotation would have led to major changes in crustal stress orientation within the Australian 
continent. Powell et al. (1994) suggested that dextral transcurrent movement on north-west 
trending faults may have been caused by this anti-clockwise rotation. Meert (1999) suggested 
that ~90° of synchronous and enhanced plate motion of some continents within the 
supercontinent Gondwana during the interval 523 to 508 Ma, is related to a lower mantle 
thermal anomaly and possibly true polar wander. 
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2.3.3: Possible links to faunal mass extinctions 
It has been well documented that extrusion of lavas from large igneous provinces have a 
temporal association with faunal mass extinctions, for example, the Siberian Traps with the 
Permian-Triassic extinction (Renne & Basu, 1991; Campbell et al., 1992; Wignall, 2001), the 
Emeishan flood basalts with the mid-Permian Guadalupian extinction, the Karoo basalts with 
the early Jurassic Toarcian extinction and the Deccan Traps with Cretaceous-Tertiary (K-T) 
mass extinction (Wignall, 2001 ). 
It has been postulated that for some flood basalt provinces, large amounts of C02 being released 
into the atmosphere can elevate ocean temperatures, causing dissociation of methane hydrates in 
marine sediments (Katz et al. , 1999). The released CRt can consume dissolved oxygen in the 
water column resulting in oceans becoming anoxic (Wignall, 2001 ). Environmental stresses 
may then affect the marine community resulting in the mass extinction of selected organisms. 
Zhuraviev & Wood (1996) documented two global major extinction events spanning the Early 
Cambrian-Middle Cambrian boundary at ~519 - 509 Ma. The first was the early Botomian 
event followed by the Toyonian event, based on the timescales of Landing et al. (1998) and 
Bowring & Erwin (1998). The Toyonian stage occurs over a restricted interval from ~514 to 
509 Ma. These mass extinction events followed the rapid appearance of many marine 
invertebrates, the so-called "Cambrian explosion". Following the Cambrian faunal explosion, 
o 13C values in calcium carbonates dropped sharply coincident with mass extinction of 
archaeocyathan reef biota (Brasier et al., 1994) and other reef-associated fauna including 
trilobites (Zhuraviev & Wood, 1996). The presence of black shale deposition worldwide, e.g. 
the Siberian platform, northern Australia, Yunnan (China), Sardinia, Spain, Morocco and 
Laurentia suggests a widespread anoxic event (Zhuraviev & Wood, 1996). 
In addition, Saltzman et al. (2000) documented a global carbon isotope excursion (Steptoean 
positive carbon isotope excursion - SPICE) during the Middle-Late Cambrian at ~500 Ma, 
which coincided with a worldwide extinction of trilobites. This excursion is documented in 
Laurentia, Kazakhstan, China and northern Australia (north-western Queensland). The 
temporal association of the Kalkarinji province with these mass extinction events will be further 
expanded in Chapter 4. 
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CHAPTER 3: PETROGRAPHY AND MINERAL CHEMISTRY OF 
THE KALKARINJI BASALTS AND DOLERITES 
3.1 INTRODUCTION 
The mineralogy of the Kalkarinji basalts is typical of continental tholeiites, consisting of 
clinopyroxene, pigeonite, orthopyroxene, plagioclase, primary and secondary quartz and 
potassium-feldspar (k-feldspar), ilmenite and titanomagnetite. The petrography for the 
Kalkarinji province has been comprehensively documented by Bultitude (1971) and will be 
summarised below with reference to examples from the full spectrum of MgO contents. 
3.2 PETROGRAPHY & MINERALOGY 
Texturally the basalts vary from extremely fine-grained aphanitic rocks to porphyritic and 
coarse-grained rocks approaching doleritic textures. It is possible that some rocks with doleritic 
textures might represent sills intruding the volcanic pile. Aphanitic rocks contain rare 
microphenocrysts of clinopyroxene and plagioclase. Glomerophenocrysts of plagioclase are 
abundant in the columnar-jointed Bingy Bingy Basalt Member (Sweet et al. , 1974). The 
primary phenocryst and microphenocryst phases are subhedral clinopyroxene, near-euhedral 
plagioclase feldspar, and in the most evolved rocks, abundant quartz. Secondary phases include 
chlorite, albite, K-feldspar, quartz and sphene. Rocks that have undergone hydrothermal 
alteration are commonly chloritic and hematitic and have amygdales filled with secondary 
prehnite, malachite, calcite and silica. 
Figures 3.1 a-1 show Scanning Electron Microscope (SEM) photomicrograph images illustrating 
textural relationships for a range of Kalkarinji basalts. Grain sizes vary from 50 to 150t-tm for 
clinopyroxene and plagioclase in the basalts, and~ 1mm in dolerites and cumulate xenoliths. 
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Figure 3.1a: SEM Photomicrograph of AR038 (MgO = 8.83 wt%). Pig= pigeonite, ilm = 
ilmenite, mt = titanomagnetite, plag = plagioclase. Note ilmenite and titanomagnetite 
lamellar intergrowth. 
Figure 3.1b: SEM Photomicrograph of AR038 (MgO = 8.83 wt%). Cpx =clinopyroxene. 
The darker areas in clinopyroxene grains correspond to Cr-Mg-rich clinopyroxene 
whereas the lighter areas are Fe-rich domains. The Cr-rich clinopyroxene is probably 
xenocrystic and therefore not in equilibrium with the other crystalline phases. Primary 
K-feldspar can be seen in contact with Fe-rich clinopyroxene. 
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Figure 3.1c: SEM Photomicrograph of AR038 (MgO = 8.83 wt%) showing ophitic texture. 
Pig = pigeonite, qtz = quartz, ilm = ilmenite, plag = plagioclase, ap = apatite and cpx = 
clinopyroxene. The lighter area adjacent to Cr-rich clinopyroxene corresponds to the 
secondary alteration phase chlorite. 
Figure 3.1d: SEM Photomicrograph of cumulate in WL016 showing zonation in 
clinopyroxene. (Fe-rich rims - pale areas) and albitized plagioclase. Cpx = 
clinopyroxene, plag = plagioclase. . The Cr-rich clinopyroxene is probably xenocrystic 
and thus not in equilibrium with other phases. 
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Figure 3.1e: SEM Photomicrograph of WL033 (MgO = 8.54 wt%) showing ophitic 
texture. Plag = plagioclase, mt = titianomagnetite, k-fsp = K-feldspar, cpx = 
clinopyroxene. 
Figure 3.1f: SEM Photomicrograph of coarse-grained rock HS002 (MgO = 7.08 wt%) 
showing sub-ophitic to ophitic texture. Plag = plagioclase, qtz = quartz, cpx = 
clinopyroxene, ilm = ilmenite. Ilmenite occurs along grain boundaries between 
clinopyroxene and plagioclase. 
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Province 
Figure 3.1g: SEM Photomicrograph of coarse-grained rock HS002 (MgO = 7.08 wt%). 
Plag = plagioclase, ilm = ilmenite, opx = orthopyroxene. 
Figure 3.1h: SEM Photomicrograph of coarse-grained rock VROOl (MgO = 6.89 wt%) 
showing sub-ophitic texture. Cpx = clinopyroxene, ilm = ilmenite, plag = plagioclase. 
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Province 
Figure 3.1i: SEM Photomicrograph of KBOOl (MgO = 6.53 wt%) showing granular 
texture. Bt = biotite, Qz = quartz, Zc = zircon, Pg = pigeonite, Ap = apatite, Pg = 
plagioclase, Ch = chlorite. Groundmass minerals include biotite, chlorite, apatite and 
zircon. 
Figure 3.1j: SEM Photomicrograph of dolerite ND012 (MgO = 6.29 wt%) showing ophitic 
texture. Plag = plagioclase, cpx = clinopyroxene. Clinopyroxene is zoned with Fe-rich 
rims and Mg-rich core. 
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Figure 3.1k: SEM Photomicrograph of WH009 (MgO = 4.26 wt%) showing fine-grained 
groundmass. Note two plagioclases, An49 and An6 0 • Plag = plagioclase, cpx = 
clinopyroxene, ilm =ilmenite, qtz =quartz. 
Figure 3.11: SEM Photomicrograph of WHOOl (MgO = 4.09 wt%) showing quartz-K-
feldspar rich groundmass likely to be after original glass. Ap = apatite, cpx = 
clinopyroxene, ilm =ilmenite, qtz =quartz, k-fsp = K-feldspar, Ti-mt = titanomagnetite. 
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Groundmass phases are mostly coarse to medium-grained, ophitic to granular and intergranular 
( euhedral plagioclase laths and subhedral pyroxene), however in the most fractionated, fine-
grained rocks, intersertal textures dominate owing to the presence of former interstitial glass, 
e.g. Figure 3 .11. Interstices in some fine-grained rocks may contain late-crystallising potassic 
and sodic feldspar and quartz. 
Textures vary from doleritic, Figure 3.1i to very fine-grained (aphanitic), Figure 3.1k,l. 
Plagioclase and clinopyroxene predominate and the accessory minerals ilmenite and magnetite 
often lie along their grain boundaries, e.g. Figure 3.1 f. An example of a lamellar intergrowth of 
ilmenite and titanomagnetite is shown in Figure 3.1a. 
The most primitive basalt AR038 (8.83 wt% MgO) in Figure 3.1a-c, contains compositionally 
zoned clinopyroxene microphenocrysts consisting of Fe-rich and Cr-rich domains which are not 
restricted to cores and rims. The Pe-rich zones appear to represent a second generation of 
clinopyroxene crystallisation suggesting a xenocryst-phenocryst relationship between the two 
clinopyroxene generations. In addition, although not shown, this sample appeared to contain 
altered olivine microphenocrysts. The more fractionated rocks (~4 wt% MgO) Figures 3.1k and 
1, show abundant interstitial quartz and plagioclase relative to clinopyroxene. Pigeonite 
survives as a primary phase in a number of rocks, e.g. Figure 3.1a, 3.1c and 3.11 and on slow 
cooling it would be expected to invert to orthopyroxene. Orthopyroxene is present in the 
coarse-grained, doleritic rock HS002, Figure 3.1g and is presumed to be primary as there is no 
textural evidence to suggest transformation from pigeonite. 
In dolerite dyke KB001 (Milliwindi dolerite of Hanley & Wingate, 2000) biotite and 
clinopyroxene are the principal mafic phases and they are partially replaced by secondary 
chlorite and amphibole respectively. In KB001 zircon crystallised in association with biotite 
and quartz in hydrous, late-stage differentiates. In this rock, biotite and clinopyroxene are 
partially replaced by secondary chlorite and amphibole respectively. A bleb of galena was 
found in sample PL067. It is assumed that basaltic magma intersected a galena deposit en route 
to the surface. This could have serious ramifications for subsequent Pb isotope work. 
3.2.1 Feldspar Compositions 
Euhedral to subhedral feldspar is common in all Kalkarinji basalts and dolerites. Compositions 
range from A149 to An72 (Table 3.1). K-feldspar occurs as a primary, late crystallising phase in 
many of the primitive (e.g. AR038) and in the more fractionated basalts such as WH001 
(Figures Figures 3.1 b and 3.11). The feldspars are often partially overprinted by secondary 
albite, e.g. PL040, Table 3.1. 
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Table 3.1: Feldspar Major Element Oxide Compositions and Cation Totals for Selected Samples 
Sample WL016 AR038 AR038 AR038 AR038 WL033 PL040 HS002 HS002 HS002 VROOI VR001 ND012 WH009 WH009 WH001 WH001 WH001 LB019 
Whole Rock 
MgOwt% 
Si02 
Al20 3 
FeO 
CaO 
Na20 
K 20 
Total 
Si 
AI 
Fe 
Ca 
Na 
K 
Cations 
Albite 
Anorthite 
Orthoclase 
Notes: 
Cumulate 
xenol ith 
53.97 
28.87 
0.70 
11.92 
4.84 
0.33 
100.63 
2.436 
1.536 
0.026 
0.576 
0.424 
0.019 
5.020 
41.6 
56.6 
1.9 
8.83 
50.87 
31.02 
1.17 
14.48 
2.92 
0.15 
100.61 
2.312 
1.662 
0.044 
0.705 
0.257 
0.009 
4.990 
26.5 
72.6 
0.9 
8.83 8.83 
52.32 51.07 
29.72 30.52 
0.68 1.24 
13.29 13.83 
3.83 3.55 
0.20 0.19 
100.04 100.40 
2.380 
1.594 
0.026 
0.648 
0.338 
0.012 
5.000 
33.9 
65.0 
1.2 
2.328 
1.640 
0.047 
0.675 
0.314 
O.Oll 
5.010 
31.4 
67.5 
1.1 
8.83 
62.50 
18.47 
0.76 
1.53 
2.15 
12.15 
98.03 
2.933 
1.022 
0.030 
0.077 
0.1% 
0.727 
5.020 
19.6 
7.7 
72.7 
8.54 
49.80 
29.54 
0.82 
13.71 
3.25 
bdl 
97.12 
2.339 
1.635 
0.032 
0.690 
0.2% 
bdl 
4.990 
30.0 
70.0 
bdl 
8.03 
67.37 
21.24 
bdl 
1.97 
10.82 
bdl 
101.40 
2.915 
1.083 
bdl 
0.091 
0.908 
bdl 
5.000 
90.9 
9.1 
bdl 
7.08 
55.62 
28.29 
0.75 
10.90 
5.01 
0.45 
101.02 
7.08 
50.81 
30.75 
0.95 
14.14 
3.34 
bdl 
99.99 
2.490 2.321 
1.493 1.655 
0.028 0.036 
0.523 0.692 
0.435 0.296 
0.026 bdl 
4.990 5.000 
44.2 29.9 
53.2 70.1 
2.6 0.0 
7.08 
54.97 
27.62 
0.74 
10.33 
5.02 
0.36 
99.04 
6.89 
50.23 
30.25 
0.99 
13.84 
3.34 
0.27 
98.92 
2.505 2.323 
1.483 1.649 
0.028 0.038 
0.504 0.686 
0.444 0.299 
0.021 0.016 
4.990 5.010 
45.8 29.9 
52.1 68.5 
2.2 1.6 
Determined by Analytical SEM, JEOL 6400 at the Electron Microscopy Unit, ANU. All elemental oxide data are wt% 
Detection limits: Si~ <0.09 Al 20 3 <0.09 FeO <0.09 CaO <0.06 Na 20 <0.12 K P <0.04 
bdl =below detection limit 
6.89 
51.13 
29.61 
0.88 
13.50 
3.69 
0.24 
99.05 
2.357 
1.609 
0.034 
0.667 
0.330 
0.014 
5.010 
32.6 
66.0 
1.4 
6.29 
50.77 
30.13 
0.00 
13.65 
3.94 
0.15 
98.64 
2.343 
1.639 
bdl 
0.675 
0.353 
0.009 
5.020 
34.0 
65.1 
0.9 
4.26 
51.55 
28.46 
1.17 
12.29 
3.95 
0.21 
97.63 
2.404 
1.564 
0.046 
0.614 
0.357 
0.012 
5.000 
36.3 
62.4 
1.3 
4.26 
54.43 
26.69 
1.27 
10.01 
5.44 
0.37 
98.21 
2.512 
1.452 
0.049 
0.495 
0.487 
0.022 
5.020 
48.5 
49.3 
2.2 
4.09 
64.45 
18.49 
0.63 
0.50 
3.15 
11.18 
98.39 
2.983 
1.009 
0.024 
0.025 
0.283 
0.660 
4.980 
29.2 
2.5 
68.2 
4.09 
63.95 
18.46 
0.63 
0.87 
4.06 
10.10 
98.07 
2.968 
1.010 
0.024 
0.043 
0.365 
0.598 
5.010 
36.3 
4.3 
59.4 
4.09 
64.74 
17.93 
0.41 
0.20 
2.30 
12.42 
98.00 
3.013 
0.984 
0.016 
0.010 
0.208 
0.737 
4.970 
21.8 
1.1 
77.2 
3.38 
54.03 
27.37 
1.44 
10.59 
5.12 
0.45 
99.00 
2.480 
1.480 
0.055 
0.521 
0.456 
0.026 
5.020 
45.4 
51.9 
2.6 
a 
.§ 
~ 
~ 
.. 
~ ::· 
~ 
Q 
~ (;l• 
~ 
~ 
~ 
"' ~ 
~ 
!:; 
~: 
.... 
r-. 
~ 
~ 
~ 
~ 
:: 
:::!-. 
:: 
~ 
s 
-~ ~ 
~ 
f 
::;:-
~ ~ 
..: 
s· 
~ 
Chapter 3: Mineral Chemistry of the Kalkarinji Low-Ti Continental Flood Basalt Province 
Figure 3.2 shows histograms of feldspar compositions as a function of MgO wt% whole rock 
contents. 
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Figure 3.2: Histogram for Kalkarinji feldspars 
For both primitive and fractionated rocks, there is a strong peak around An60 to An1o- The 
bins with <10% An in both histograms represent primary K-feldspars which probably 
formed in late-stage liquids. Average An content of plagioclase varies primarily as a 
function of MgO wt% of the basalt, i.e. the more primitive basalts in general contain the 
most An rich plagioclase, whereas the more evolved basalts, e.g. WH001, Table 3.1 
contain the least An-rich plagioclase. 
Glomerocrysts of plagioclase occur only in the Bingy Bingy Basalt Member and probably 
reflect crystallisation of feldspar during slow cooling of ponded magma. To investigate 
compositional zoning across individual feldspar glomerocrysts, analyses from core to rim 
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plagioclase in LBOll was undertaken by analytical SEM. The individual analysis points are 
shown in Figure 3.3 and analyses are presented in Table 3.2. 
Table 3.2: Scanning Electron Microscope Major Element Oxide Compositions and 
Cation Totals for a Transect across plagioclase glomerocryst from sample LBOll 
detailing lack of variation from core to rim 
Sam21e LBOII -1 LBOll-2 18011-3 LBOll-4 18011-5 LBOll-6 
Si02 51.69 51.50 52.03 51.51 50.63 50.74 
Ah03 31.06 31.93 31.18 30.92 30.67 31.55 
FeO 0.51 0.68 0.72 0.33 1.14 0.69 
CaO 14.18 14.35 14.10 13.59 13.49 14.19 
Na20 3.34 3.45 3.73 3.75 3.70 3.48 
K20 0.20 0.19 0.16 0.26 0.21 0.16 
Total 100.98 102.10 101.92 100.36 99.84 100.81 
Si 2.33 2.30 2.33 2.34 2.32 2.30 
AI 1.65 1.68 1.65 1.65 1.66 1.69 
Fe 0.02 O.o3 0.03 0.01 0.04 0.03 
Ca 0.69 0.69 0.68 0.66 0.66 0.69 
Na 0.29 0.30 0.32 0.33 0.33 0.31 
K 0.01 O.Ql 0.01 0.01 0.01 0.01 
Cations 4.99 5.01 5.01 5.01 5.02 5.01 
Albite 30 30 32 33 33 30 
Anorthite 69 69 67 66 66 69 
Orthoclase 1.2 1.1 0.9 1.5 1.2 0.9 
Notes: 
Determined by Scanning Electron Microscope (SEM) All elemental oxide data are wt% 
Detection limits: Si02 <0.09 Al203 <0.09 FeO <0.09 CaO <0.06 Na20 <0.12 K20 <0.04 
31 
32 
Chapter 3: Mineral Chemistry of the Kalkarinji Low-Ti Continental Flood Basalt Province 
Figure 3.3: SEM Photomicrograph showing sample sites in a transect across 
plagioclase glomerocryst in sample LBOll. (The circular feature is a laser-ablation 
hole). 
The transect from core to rim shows negligible variation in major element oxides. The lack 
of major element variation across the feldspar glomerocryst has important implications for 
Laser-ICPMS partition coefficient work presented in a later chapter. Additional analyses of 
plagioclase from mineral separates used in 40Ar;J9 Ar geochronology are presented in 
Appendix II. 
3. 2.1.1 Discussion 
Plagioclase feldspar is the dominant phase for the Kalkarinji basalts and dolerites and 
ranges from All49 to An72 • K-feldspar is a primary phase in both the most primitive and 
fractionated rocks. 
3.2.2 Pyroxene Compositions 
Pyroxene compositions include high-Cr pyroxene (Cr-diopside ), Ca-rich clinopyroxene 
(augite), pigeonite and orthopyroxene. The predominant pyroxene phase in the Kalkarinji 
basalts is Ca-rich pyroxene (augite). Pigeonite is relatively common in the groundmass of 
the basalts e.g. Figures 3.1a, 3.1c, 3.1g and 3.li. Orthopyroxene was observed in coarse-
grained sample HS002 (~7 wt% MgO) Figure 3.lg. 
Table 3.3 documents pyroxene major element oxide compositions for Kalkarinji basalts 
with a range of MgO wt%. High-Cr clinopyroxenes ( ~.6 - 1.4 wt% Cr20 3) are observed in 
~ 
~ 
Table 3.3: Pyroxene Major Element Oxide Compositions and Cation Totals for selected samples. Cpx =clinopyroxene, pig= pigeonite and opx =orthopyroxene. 
Sample WL016 WL016 WL016 WLOI6 AR038 AR038 AR038 AR038 AR038 WL033 WL033 PL040 HS002 HS002 VROOI VROOI KBOOI ND012 WH009 WHOOI LB019 
Whole Rock 
MgOwt% 
Mineral 
Si02 
Ti02 
Al203 
Cr203 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2• 
Mn 
Mg 
Ca 
Na 
Mg# 
Cations 
En 
Fs 
Wo 
Notes: 
8.83 8.83 8.83 8.83 8.83 8.54 8.54 
High- High- High- High- High- High- High-
er cpx Cr cpx Cr cpx Cr cpx Cr cpx Cr cpx Cr cpx 
52.70 52.26 52.95 51.95 54.04 50.62 52.98 
0.49 0.26 0.30 0.41 0.24 1.30 0.68 
1.68 3.22 2.47 2.17 1.54 2.13 3.13 
0.42 1.11 0.58 0.56 0.87 0.81 1.40 
11.24 6.71 5.94 10.86 6.39 13.55 6.58 
~I ~I ~I ~I ~I ~I ~I 
pig 
54.21 
0.31 
0.35 
bdl 
18.87 
bdl 
pig 
54.94 
0.31 
0.43 
~I 
16.46 
0.56 
cpx 
54.10 
0.21 
0.46 
~I 
14.45 
0.33 
16.59 16.21 18.78 16.52 18.43 13.56 18.17 22.50 24.30 25.22 
17.45 19.15 
0.50 0.89 
101.07 99.81 
1.940 
0.010 
0.070 
0.010 
0.350 
0.910 
0.690 
0.040 
72 
4.020 
46.8 
17.8 
35.4 
1.920 
0.010 
0.140 
0.030 
0.210 
0.890 
0.760 
0.060 
81 
4.020 
48.1 
11.2 
40.8 
18.50 17.54 18.73 17.81 18.10 4.05 4.17 3.76 
0.34 0.43 0.23 0.58 bdl ~I 0.22 0.17 
99.86 100.44 100.47 100.36 101.04 100.29 101.39 98.70 
1.930 
0.010 
0.110 
0.020 
0.180 
1.020 
0.720 
0.020 
85 
4.010 
53.0 
9.4 
37.6 
1.930 
0.010 
0.100 
0.020 
0.340 
0.910 
0.700 
0.030 
73 
4.020 
46.9 
17.3 
35.8 
1.960 
0.010 
0.070 
0.030 
0.190 
1.000 
0.730 
0.020 
84 
4.000 
52.0 
10.1 
38.0 
1.910 
0.040 
0.100 
0.020 
0.430 
0.760 
0.720 
0.040 
64 
4.020 
39.9 
22.4 
37.7 
1.910 
0.020 
0.130 
0.040 
0.200 
0.980 
0.700 
83 
3.980 
52.1 
10.6 
37.3 
1.990 
0.010 
0.010 
0.580 
1.230 
0.160 
68 
3.990 
62.5 
29.4 
8.1 
1.980 
0.010 
0.020 
0.500 
0.020 
1.310 
0.160 
0.010 
72 
4.010 
66.5 
25.3 
8.2 
1.990 
0.010 
0.020 
0.440 
0.010 
1.380 
0.150 
0.010 
76 
4.000 
70.0 
22.5 
7.5 
pig 
54.31 
~I 
0.30 
~I 
14.46 
0.39 
25.46 
3.95 
~I 
98.87 
1.990 
0.010 
0.440 
0.010 
1.390 
0.150 
76 
4.000 
69.9 
22.3 
7.8 
8.03 7.08 7.08 6.89 6.89 6.53 6.29 4.26 4.09 3.38 
cpx 
52.44 
0.64 
1.63 
~I 
8.41 
bdl 
16.93 
18.17 
0.22 
98.22 
1.960 
0.020 
0.070 
0.260 
0.940 
0.730 
0.020 
78 
4.000 
48.8 
13.6 
37.6 
opx 
52.56 
~I 
0.66 
~I 
23.36 
0.51 
19.03 
3.25 
~I 
99.37 
2.000 
0.030 
0.740 
0.020 
1.080 
0.130 
59 
3.990 
55.2 
38.0 
6.8 
cpx 
50.52 
0.88 
1.11 
~I 
16.82 
0.35 
12.99 
16.87 
0.37 
99.91 
1.940 
0.030 
0.050 
0.540 
0.010 
0.740 
0.690 
0.030 
58 
4.030 
37.6 
27.3 
35.1 
cpx cpx 
50.69 51.79 
1.19 0.74 
1.75 1.41 
~I ~I 
14.77 15.48 
0.47 ~I 
13.50 14.66 
18.01 14.58 
0.25 0.27 
100.63 98.93 
1.920 
0.030 
0.080 
0.470 
0.010 
0.760 
0.730 
0.020 
62 
4.020 
38.9 
23.9 
37.3 
1.970 
0.020 
0.060 
0.490 
0.830 
0.590 
0.020 
63 
3.990 
43.3 
25.7 
31.0 
pig cpx cpx 
50.88 49.79 49.33 
0.34 0.62 0.65 
0.83 1.05 1.88 
~I ~I ~I 
28.78 23.24 18.ll 
0.70 0.40 0.38 
12.17 9.81 11.63 
5.71 15.12 15.81 
0.28 ~I 0.28 
99.69 100.03 98.07 
1.996 
0.010 
0,038 
0.944 
0.023 
0.712 
0.240 
0.021 
43 
3.985 
37.5 
49.8 
12.7 
1.950 
0.020 
0.050 
0.760 
0.010 
0.570 
0.640 
43 
4.000 
29.1 
38.7 
32.2 
1.940 
0.020 
0.090 
0.590 
0.010 
0.680 
0.660 
0.020 
53 
4.010 
35.1 
30.7 
34.3 
cpx 
49.73 
0.68 
1.38 
~I 
17.96 
0.72 
12.31 
15.59 
0.38 
98.85 
1.940 
0.020 
0.060 
0.580 
0.020 
0.710 
0.650 
0.030 
55 
4.030 
36.7 
30.0 
33.4 
cpx 
48.50 
1.23 
2.86 
1~1 
18.98 
~I 
11.27 
15.83 
0.36 
99.29 
1.890 
0.036 
0.132 
0.618 
0.653 
0.660 
0.027 
51 
4.021 
33.8 
32.0 
34.2 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU and Analytical SEM, JEOL6400 at the Electron Microscopy Unit, ANU. All elemental oxide data are wt% 
Mg# = molar IOO*Mg/(Mg+Fe 2') 
En = Enstatite Fs = Ferrosilite Wo =Wollastonite 
Detection limits: SiC}z <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Na 20 <0.12 K 20 <0.04 
~I =below detection limit 
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Figure 3.4 shows the pyroxene quadrilateral with its miscibility gap at various temperatures 
at 1 atmosphere (after Lindsley, 1983). 
En 
MgO- Whole 
Rock wt% 
• 8-9 
• 7-8 
• 6-7 
• 5-6 
• 4-5 
• 3-4 
Fs 
Figure 3.4: Pyroxene quadrilateral with overlain polythermal boundaries at 1 atmosphere, 
adapted from Lindsley (1983). Colours refer to different MgO wt% whole rock ranges. Di = 
Diopside, Hd = Hedenbergite, En = Enstatite, Fs = Ferrosilite, cpx = clinopyroxene, pig = pigeonite 
and opx = orthopyroxene. 
The majority of the pyroxenes are Ca-rich clinopyroxenes. There is a smaller population of 
pigeonitic pyroxenes and a single orthopyroxene at the Mg-rich end (enstatite) of the pyroxene 
quadrilateral. Calcium-rich pyroxenes (augite) would have crystallised between the temperature 
range uoo·c to 9oo·c, whereas pigeonite and orthopyroxene would have crystallised between 
1100·c and 1000·c. 
3.2.2.1 Discussion 
Overall, the dominant pyroxene phase for the Kalkarinji basalts and dolerites is the Ca-rich 
pyroxene, augite with minor pigeonite and orthopyroxene. High-Cr clinopyroxenes (0.5-1.5 
wt% Cr20 3) are only found in the most primitive Kalkarinji basalts, and it is doubtful if they are 
in equilibrium with the fractionating assemblage and are probably xenocrystic, as any solid 
solution phase will not be in equilibrium with the subsequent fractionate. 
3.2.3 Oxide Minerals 
3.2.3.1: Magnetite & Ilmenite 
Ilmenite and titanomagnetite are common in the Kalkarinji basalts. Ilmenite typically occurs in 
interstices between clinopyroxene and plagioclase (Figure 3.1 f). Ilmenite and magnetite 
intergrowths are shown in Figure 3.1a. 
34 
Chapter 3: Mineral Chemistry of the Kalkarinji Low-Ti Continental Flood Basalt Province 
Spencer & Lindsley (1981) developed a solid-solution model for coexisting titanomagnetite-
ilmenite pairs and derived a geothermometer and oxygen barometer following Buddington & 
Lindsley (1964). Table 3.4 shows ilmenite-titanomagnetite EDS major element oxide analyses 
for selected mineral pairs from basalt sample HS002 (7.08 wt% MgO). All mineral pairs except 
for ilmenite-titanomagnetite pair E are in contact. 
Table 3.4: Ilmenite-titanomagnetite mineral-pair EDS major element oxide compositions 
and cation totals for basalt sample HS002. 
titano- titano- titano- t1tano- titano- titano-
ilmenite ilmenite ilmenite ilmenite ilmenite ilmenite magnetite magnetite magnetite magnetite magnetite magnetite 
Mineral A B c D E F A B c D E F 
Si02 bdl bdl bdl bdl bdl bdl bdl bdl 0.12 0.09 0.22 bdl 
Ti02 48.78 48.52 48.43 50.31 49.75 50.50 4.27 3.26 3.51 3.82 4.24 4.10 
AhOJ bdl bdl bdl bdl bdl bdl 2.48 2.11 1.73 0.75 0.20 1.86 
V20 3 0.35 bdl bdl bdl bdl bdl 0.92 1.32 1.36 0.46 1.23 0.71 
Cr20 J bdl bdl bdl bdl 0.09 bdl 0.08 bdl bdl bdl bdl 0.12 
Fe20 3 7.62 8.34 8.66 4.12 5.32 4.31 56.35 58.79 58.85 60.67 59.38 58.74 
FeO 41.15 41.04 40.56 42.79 43 .00 43.55 35.26 34.36 34.76 34.96 35.37 35.36 
MnO 0.56 0.67 0.61 0.64 0.57 0.43 bdl bdl 0.11 bdl bdl bdl 
MgO 1.16 1.03 1.29 1.01 0.61 0.71 bdl bdl bdl bdl bdl bdl 
CaO 0.06 0.06 0.06 bdl 0.06 0.12 bdl 0.07 0.06 0.13 0.18 0.12 
Total 99.68 99.66 99.61 98.86 99.40 99.63 99.36 99.92 100.51 100.89 100.82 101.03 
Si 0.005 0.003 0.008 
Ti 1.848 1.842 1.836 1.921 1.897 1.918 0.122 0.093 0.100 0.109 0.121 0.11 6 
AI 0.111 0.095 0.077 0.034 0.009 0.082 
v 0.014 0.028 0.040 0.041 0.014 0.037 0.022 
Cr 0.004 0.002 0.004 
Fel+ 0.289 0.317 0.327 0.157 0.203 0.164 1.614 1.679 1.673 1.728 1.695 1.661 
Fe2+ 1.734 1.733 1.710 1.817 1.823 1.840 1.122 1.090 1.098 1.107 1.122 1.111 
Mn 0.024 0.029 0.026 0.028 0.024 0.018 0.004 
Mg 0.087 0.077 0.097 0.076 0.046 0.054 
Ca 0.003 0.003 0.003 0.003 0.007 0.003 0.003 0.005 0.007 0.005 
Cations 4.000 4.000 3.998 4.000 4.000 4.000 3.000 3.000 3.000 3.000 3.000 3.000 
Notes: 
Determined by electron microprobe (Energy Dispersive Spectroscopy - EDS) All elemental oxide data are wt% 
Detection limits: Si02 <0.09 Ti02 <0.07 Ah03 <0.09 V20 3 = 0.15 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 
bdl = below detection limit 
The mole fraction of ilmenite (Xilm) and ulvospinel (Xulv) was calculated using the equations: 
Xilm = {Fe2+/(Fe2+ + Mn + Ca + (Fe3+/2) + (V/2) + (Cr/2))} * {Ti/ ((Fe3+/2) + (V/2) + (Cr/2) 
+Ti)} 
Xulv = 1 - Fe3+/2 
These mole fractions were then plotted onto the temperature-.f02 grid of Spencer & Lindsley 
(1981), Figure 3.5. 
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Figure 3.5: Temperature:f02 grid modified from Spencer & Lindsley (1981). The black dots 
indicate the position of the mineral pairs which are touching and the green dot a mineral pair not 
in contact. I= Xilmenite (mole fraction of ilmenite) and U = Xulvospinel (mole fraction of ulvospinel). 
The intersection of the lines of constant composition yields temperature. The mineral pairs give 
temperatures of ~ 700-850°C. These values imply sub-solidus re-equilibration and do not 
reflect the initial conditions of crystallisation. The mineral pairs yield a calculated j02 ~2 log 
units above FMQ, however, it is not clear to what extent this sub-solidus value reflects 
magmaticj02• For subsequent modelling a primary igneousj02 ofFMQ has been assumed. 
3.2.3.2: Chromian spinel 
Chromian spinel was collected from stream sediment samples from the Dixon Range and 
Waterloo 1:250,000 map sheet areas by diamond exploration companies Ashton Mining and Rio 
Tinto Pty Ltd. This type of chromite is morphologically distinctive and occurs only where 
Kalkarinji basalt outcrop. It is termed Antrim-style chromite by diamond explorers. 
Thousands of chromites have been recovered from some sites which drain only the Kalkarinji 
basalt. Furthermore, chromian spinel of this type was extracted from weathered Kalkarinji 
lavas, CRA open file report 130246 (1980) Department of Mines, Western Australia. 
It is possible that Antrim-style chromites were shed either from weathered picritic rocks or 
tholeiites in which they were entrained xenocrysts. The spinels were collected from areas where 
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only Kalkarinji basalts crop out in the East Kimberley region of Western Australia and the 
western regions of the Northern Territory. 
The chromian spinels are ~300 to 350 IJ.m in size. Elemental oxide compositions for chromian 
spinel were measured by WDS (Wavelength Dispersive Spectroscopy) at The Research School 
of Earth Sciences, ANU. Data for 160 analyses are presented in Appendix II. Selected analyses 
are shown in Table 3.5. 
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c..N 
00 Table 3.5: Selected chromian spinel WDS elemental oxide compositions 
Sample 
Si02 
TI02 
AI203 
V203 
Cr203 
Fe203 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
AB247- AN247- AN247- AN232- AN613- AN232- AN232- AN232- AN247- AN615- AN614- AN613- AN247- AN613- AN232- AN232- AN232- AN232-
04 10 08 05 08 07 08 09 01 02 08 06 06 05 06 01 04 02 
0.04 <0.01 O.Q7 0.06 <0.01 0.09 0.04 0.05 O.Q7 0.13 0.08 O.Q7 0.05 0.13 O.Q7 <0.01 0.09 0.08 
0.32 0.35 0.35 0.36 0.32 0.32 0.32 0.33 0.32 0.40 0.38 0.41 0.43 0.42 0.34 0.28 0.35 0.29 
27.81 28.61 28.27 28.68 23.66 28.74 27.36 28.31 28.24 19.21 19.86 18.69 17.11 17.42 19.92 12.68 20.48 20.22 
0.22 0.21 0.22 0.22 0.17 0.22 0.21 0.24 0.23 0.33 0.29 0.31 0.31 0.37 0.13 0.14 0.16 0.18 
34.93 36.34 35.77 35.82 35.52 36.17 35.71 36.51 35.86 48.08 46.41 47.63 48.52 48.95 46.90 51.71 46.46 46.47 
4.70 4.62 4.63 4.54 9.70 4.55 4.63 4.68 3.61 1.80 1.54 1.48 2.94 2.71 3.33 4.34 3.43 3.65 
21.52 15.14 17.87 16.30 21.27 15.17 22.08 16.07 20.44 18.19 20.02 22.96 22.52 19.30 16.72 25.79 15.26 16.82 
25.75 19.29 22.04 20.38 30.00 19.27 26.25 20.28 23.69 19.81 21.40 24.29 25.16 21.74 19.71 29.69 18.35 20.10 
0.20 0.16 0.20 0.17 0.24 0.18 0.22 0.20 0.20 0.19 0.20 0.25 0.28 0.22 0.18 0.28 0.19 0.21 
O.Q7 0.10 0.12 0.11 0.09 0.12 O.Q7 0.11 0.09 0.10 O.Q7 0.02 O.D3 0.03 0.14 0.06 0.14 0.15 
0.11 0.07 0.07 0.07 0.13 0.07 0.11 0.08 0.11 0.04 0.08 0.09 0.08 0.08 0.06 0.11 0.04 0.06 
9.60 13.85 12.10 13.15 9.41 13.89 9.28 13.29 10.38 11.07 9.69 7.89 8.10 10.23 12.04 5.42 13.03 12.02 
99.51 99.45 99.67 99.48 100.51 99.52 100.03 99.88 99.54 99.55 98.62 99.82 100.38 99.88 99.84 100.81 99.63 100.13 
Cations, 0 =4 
Si 
TI 
AI 
Cr 
v 
Fe3+ 
Fe2+ 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
Mg# 
Fe2# 
Cr# 
Fe3+rjye 
Notes: 
0.001 
0.008 
1.014 
0.854 
0.006 
0.109 
0.557 
0.005 
0.443 
0.002 
0.003 
3.000 
44.3 
55.7 
45.7 
0.164 
0.008 
1.012 
0.863 
0.005 
0.104 
0.380 
0.004 
0.620 
0.002 
0.002 
3.000 
62.0 
38.0 
46.0 
0.215 
0.002 
0.008 
1.011 
0.858 
0.005 
0.106 
0.453 
0.005 
0.547 
0.003 
0.002 
3.000 
54.7 
45.3 
45.9 
0.189 
0.002 
0.008 
1.019 
0.853 
0.005 
0.103 
0.411 
0.004 
0.591 
0.003 
0.002 
3.000 
59.0 
41.0 
45.6 
0.201 
0.008 
0.873 
0.879 
0.004 
0.229 
0.557 
0.006 
0.439 
0.002 
0.003 
3.000 
44.1 
55.9 
50.2 
0.291 
0.003 
0.007 
1.015 
0.857 
0.005 
0.103 
0.380 
0.005 
0.621 
0.003 
0.002 
3.000 
62.0 
38.0 
45.8 
0.213 
0.001 
0.008 
0.997 
0.873 
0.005 
0.108 
0.571 
0.006 
0.428 
0.002 
0.003 
3.000 
42.8 
57.2 
46.7 
0.159 
0.002 
0.008 
1.003 
0.868 
0.006 
0.106 
0.404 
0.005 
0.596 
0.003 
0.002 
3.000 
59.6 
40.4 
46.4 
0.208 
0.002 
0.007 
1.022 
0.870 
0.006 
0.083 
0.525 
0.005 
0.475 
0.002 
0.003 
3.000 
47.5 
52.5 
46.0 
0.137 
0.004 
0.010 
0.717 
1.204 
0.008 
0.043 
0.482 
0.005 
0.523 
0.003 
0.001 
3.000 
52.0 
48.0 
62.7 
0.082 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy - WDS). All elemental oxide data are wt% 
Mg# = molar[100*(Mg/Mg+Fe 2+)]; Fe2# = 100- Mg#; Cr# = molar[100*(Cr/Cr+AI)] 
0.003 
0.009 
0.752 
1.180 
0.008 
0.037 
0.538 
0.006 
0.464 
0.002 
0.002 
3.000 
46.3 
53.7 
61.1 
0.065 
0.002 
0.010 
0.713 
1.219 
0.008 
0.036 
0.621 
0.007 
0.381 
0.001 
0.002 
2.999 
38.0 
62.0 
63.1 
0.055 
Detection Limits: Si~ <0.01 TI0 2 <0.05 AI203 <0.01 V 20 3 <0.05 Cr203 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.01 MgO <0.01 
0.002 
0.011 
0.653 
1.243 
0.008 
0.072 
0.610 
0.008 
0.391 
0.001 
0.002 
3.000 
39.1 
60.9 
65.5 
0.105 
0.004 
0.010 
0.657 
1.239 
0.010 
0.065 
0.517 
0.006 
0.488 
0.001 
0.002 
3.000 
48.6 
51.4 
65.3 
0.112 
0.002 
0.008 
0.736 
1.162 
0.003 
0.079 
0.438 
0.005 
0.563 
0.003 
0.001 
3.000 
56.2 
43.8 
61.2 
0.152 
0.007 
0.501 
1.371 
0.004 
0.110 
0.723 
0.008 
0.271 
0.002 
0.003 
3.000 
27.3 
72.8 
73.2 
0.131 
0.003 
0.008 
0.751 
1.143 
0.004 
0.080 
0.397 
0.005 
0.604 
0.004 
0.001 
3.000 
60.3 
39.7 
60.3 
0.168 
0.003 
0.007 
0.744 
1.147 
0.005 
0.086 
0.439 
0.006 
0.560 
0.004 
0.002 
3.000 
56.0 
44.0 
60.7 
0.163 
g 
>§ 
~ 
... 
l..lw 
.. 
~ 
i 
Q ~ 
!:;• 
~ 
~ 
s. 
t'l> 
~ ;;:: 
!; 
s· 
..... 
... 
to-t 
~ 
~ 
~ g 
::: 
:::-. 
s 
S" 
-~ 
2. 
~ 
t. 
~ 
~ §· 
~ 
Chapter 3: Mineral Chemistry of the Kalkarinji Low-Ti Continental Flood Basalt Province 
The spinels have Mg# ranging from 27 to 69, Cr# ranging from 44 to 73 and Fe2# from 31 to 
73. 
Mg# = molar[100*(Mg/Mg+Fe2+)], Cr# = molar[100*(Cr/Cr+Al)] and Fe2# 
Figure 3.6 shows Cr# plotted against Fe2#. 
100 
• 80 
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Figure 3.6: Cr# versus Fe2# for cbromian spinels presumably derived from primitive (picritic) 
Kalkarinji rocks. Cr# is molar[lOO*(Cr/Cr+Al)] and Fe2# is 100- Mg#. 
From Table 3.5 and Figure 3.6, two distinct populations of chromian spinel composition are 
evident, one with Cr# ( ~40 - 50) and the other with higher Cr# ( ~60 - 75). Cr# is an indicator of 
how primitive and/or how depleted a magma is, e.g. Arai (1992) documents chromian spinel 
crystallising from highly depleted boninitic melts with Cr# > 80. The population of chromian 
spinels with higher Cr# ( ~60 - 75) indicates that they were derived from more primitive basalts, 
possibly of pi critic composition. The other population with lower Cr# ( ~40 - 50) were probably 
derived from magnesian basalts. Both populations of chromian spinel show considerable spread 
in Fe2# indicating subsolidus re-equilibration between Fe and Mg (ferromagnesian silicates, 
olivine and pyroxene). Spinel Mg# ranges from 27 to 69. 
The MELTS modelled Kalkarinji basalt of ~9 wt% MgO, calculates an initial Cr# =53 which is 
slightly higher than the value for the low Cr# population. About 5 - 10% of the chromian 
spinels have mineral or quenched melt inclusions. Some were too small to analyse properly, 
however it was possible to obtain analyses from the larger inclusions (commonly 130 - 150 ~-tm 
in size). Table 3.6 lists mineral compositions of silicate inclusions in these chromites. 
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~ Table 3.6: Mineral Compositions from Inclusions in Chromian spinel 
Sample DX5l-02 DX5!-05 DX5l-06 DX5!-08 DX51-09 DX51-IO DX51-II DX50-0l DX50-02 DX28-0l DX23-02 DXI0-01 DXI0-02 DXI0-04 
Nfinend opx 
Si~ 54.00 
li02 0.17 
Al20 3 2.67 
Cr20 3 1.74 
FeO 9.29 
MnO 0.14 
MgO 29.49 
CaO 2.31 
Na 20 
KzO 
Total 99.81 
Cations, 0 = 6 
Si 1.913 
1i 0.005 
AI 0.111 
Cr 0.049 
Fe 0.275 
Mn 0.004 
Mg 1.557 
Ca 0.088 
Na 
K 
Cations 4.002 
Mg# 85.0 
Albite 
Anorthite 
Orthoclase 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
81.1 
14.3 
4.6 
cpx 
n~ 
QM 
2~ 
1.~ 
112 
Q10 
17.71 
m% 
QW 
99.78 
6 
1.923 
0.012 
0.121 
0.045 
0.095 
0.003 
0.960 
0.813 
0.020 
3.992 
91.0 
51.4 
5.1 
43.5 
cpx 
52.83 
0.46 
2.77 
1.55 
3.12 
0.15 
17.85 
20.76 
0.39 
99.89 
6 
1.920 
0.013 
0.119 
0.045 
0.095 
0.005 
0.967 
0.809 
0.027 
3.999 
91.1 
51.7 
5.1 
43.2 
cpx 
52.95 
0.34 
2.43 
1.77 
2.77 
0.00 
18.21 
20.36 
0.39 
99.21 
6 
1.932 
0.009 
0.104 
0.051 
0.085 
0.000 
0.990 
0.796 
0.028 
3.995 
92.1 
52.9 
4.5 
42.5 
cpx 
51.69 
0.45 
3.25 
1.74 
4.87 
0.00 
17.40 
20.00 
99.40 
6 
1.899 
0.012 
0.141 
0.051 
0.150 
0.000 
0.953 
0.787 
3.993 
86.4 
50.4 
7.9 
41.7 
olv 
40.00 
0.13 
1.23 
11.57 
0.25 
46.38 
0.24 
99.79 
4 
0.994 
0.002 
0.024 
0.240 
0.005 
1.718 
0.006 
2.991 
87.7 
olv 
39.40 
1.28 
12.43 
0.11 
46.16 
0.20 
99.57 
4 
0.986 
0.025 
0.260 
0.002 
1.722 
0.005 
3.001 
86.9 
fsp 
46.31 
33.64 
0.32 
0.61 
17.64 
1.28 
0.07 
99.88 
8 
2.139 
1.832 
0.012 
0.024 
0.873 
0.115 
0.004 
4.998 
0.0 
11.6 
88.0 
0.4 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy - WDS). All elemental ox.ide data are wt% 
All analyses have Cr-overlap from chromite 
Mg# = molar( I OO*(Mg!Mg+Fe 2+) 
olv = olivine, opx =orthopyroxene, cpx =clinopyroxene, fsp =feldspar 
fsp 
45.95 
33.48 
0.27 
0.67 
17.26 
1.34 
0.08 
99.04 
8 
2.140 
1.837 
0.010 
0.026 
0.861 
0.121 
0.005 
5.000 
0.0 
12.3 
87.3 
0.5 
Detection Limits: Si~ <O.Olli0 2 <0.05 A!,O, <0.01 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.01 MgO <0.01 
fsp 
45.36 
33.98 
0.53 
0.92 
17.88 
1.29 
99.96 
8 
2.102 
1.856 
0.019 
0.036 
0.888 
0.116 
5.018 
11.5 
88.5 
fsp 
59.07 
27.46 
0.23 
1.03 
1.12 
6.22 
4.69 
99.82 
8 
2.654 
1.454 
0.008 
0.039 
0.054 
0.542 
0.269 
5.020 
62.7 
6.2 
31.1 
cpx 
50.46 
0.43 
5.92 
1.14 
6.07 
15.M 
20.91 
100.38 
6 
1.847 
0.012 
0.255 
0.033 
0.186 
0.843 
0.820 
3.997 
81.9 
45.6 
10.1 
M.4 
cpx 
50.15 
O.M 
5.66 
1.05 
6.00 
0.10 
15.22 
20.76 
99.39 
6 
1.855 
0.012 
0.247 
0.031 
0.186 
0.003 
0.839 
0.823 
3.995 
81.9 
45.4 
10.0 
M.5 
cpx 
50.47 
0.52 
5.26 
0.94 
6.26 
0.09 
15.10 
20.58 
99.22 
6 
1.869 
0.014 
0.230 
0.028 
0.194 
0.003 
0.834 
0.817 
3.988 
81.1 
45.2 
10.5 
M.3 
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Table 3.6 cont: Mineral Compositions from Inclusions in Chromian spinel 
Sample 724-03 724-03 232-01 232-01 232-01 232-01 AN232-01 AN232-01 AN232-03 AN232-03 AN232-03 AN232-03 AN232-03 AN248-04 
Mineral cpx 
Si02 49.86 
Ti02 0.61 
Al20 3 6.37 
Cr203 1.50 
FeO 4.66 
MnO 0.09 
MgO 16.51 
CaO 20.50 
Na20 
K20 
Total 100.09 
Cations, 0 = 6 
Si 1.822 
Ti 0.0 17 
AI 0.274 
Cr 0.043 
Fe 0.142 
Mn 0.003 
Mg 0.899 
Ca 0.802 
Na 
K 
Cations 
Mg# 
Albite 
Anorthite 
Orthoclase 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
4.003 
86.3 
48.8 
7.7 
43.5 
cpx 
49.68 
0.57 
6.12 
1.57 
4.69 
16.50 
20.52 
99.65 
6 
1.824 
0.016 
0.265 
0.046 
0.144 
0.903 
0.807 
4.005 
86.2 
48.7 
7.8 
43.5 
cpx 
50.75 
0.21 
3.50 
1.47 
9.82 
0.19 
16.77 
17.30 
100.02 
6 
1.884 
0.006 
0.153 
0.043 
0.305 
0.006 
0.928 
0.688 
4.012 
75.3 
48.3 
15.9 
35.8 
cpx 
49.89 
0.40 
4.30 
1.17 
8.73 
0.20 
15.31 
19.31 
99.30 
6 
1.867 
0.011 
0.190 
0.035 
0.273 
0.006 
0.854 
0.774 
4.010 
75.8 
44.9 
14.4 
40.7 
cpx 
51.20 
0.13 
2.95 
1.15 
9.36 
0.10 
15.75 
19.29 
99.94 
6 
1.905 
0.004 
0.129 
0.034 
0.291 
0.003 
0.874 
0.769 
4.009 
75.0 
45.2 
15.1 
39.8 
cpx 
50.24 
0.11 
3.53 
1.80 
8.20 
0.09 
14.47 
20.98 
99.42 
6 
1.884 
0.003 
0.156 
0.053 
0.257 
0.003 
0.809 
0.843 
4.008 
75.9 
42.4 
13.5 
44.2 
cpx 
49.50 
0.44 
4.88 
1.23 
8.78 
0.12 
15.01 
19.59 
99.54 
6 
1.850 
0.012 
0.215 
0.036 
0.274 
0.004 
0.836 
0.784 
4.012 
75.3 
44.1 
14.5 
41.4 
cpx 
50.93 
0.12 
2.72 
1.11 
9.97 
0.20 
16.26 
17.83 
99.14 
6 
1.910 
0.003 
0.120 
0.033 
0.313 
0.006 
0.909 
0.716 
4.010 
74.4 
46.9 
16.1 
37.0 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy - WDS). All elemental oxide data are wt% 
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The main phases in the inclusions are clinopyroxene, feldspar (both plagioclase and albite) with 
rare orthopyroxene and olivine. The elevated Cr20 3 values for both the clinopyroxene and 
feldspar compositions are believed to be a result of overlap with host chromian spinel. The 
anorthite content plagioclase is ~An88 , which is extremely calcic. Rather than reflecting higher 
pressures of melting, it may represent compositional variation reflected by higher CaiN a ratios. 
MELTS modelling for an Icelandic picrite calculated An83 for the first feldspar to crystallise, 
and Ans9 for a Cura9ao picrite. For 9 wt% MgO Kalkarinji basalt, the calculated anorthite 
content was An78 • The presence of albite is unusual and probably represents secondary 
processes. Olivines in the inclusion are Fo87_88• For MELTS modelling of 9 wt% MgO basalt, 
the first crystallising olivine was Fo85, which is similar to, although slightly less magnesian than 
the olivine in the inclusions. The majority of the pyroxene inclusions are calcic pyroxene, 
diopside, however one analysis confirmed orthopyroxene. Figure 3.7 shows these pyroxene 
compositions plotted onto the pyroxene quadrilateral diagram, after Lindsley (1983). 
En Fs 
Figure 3.7: Pyroxene compositions from mineral inclusions in chromian spinel plotted onto the 
pyroxene quadrilateral with overlain polythermal boundaries at 1 atmosphere, adapted from 
Lindsley (1983). The red diamonds indicate augite and one high temperature pigeonite and the 
green diamond represents orthopyroxene. Di = Diopside, Hd = Hedenbergite, En = Enstatite, Fs = 
Ferrosilite, cpx = clinopyroxene, opx = orthopyroxene. 
The majority of the analyses plot in the augite -diopside (high-Ca pyroxene) field. A single 
orthopyroxene crystal yields a crystallisation temperature of~ 11 00°C. The high-Ca pyroxenes 
yield temperatures from ~900 - 1 000°C provided they were in equilibrium with orthopyroxene. 
A single inclusion from sample AN232-01 contained sulphide (Table 3.7). Cr# for this sample 
is 73 and Mg# 27. This chromite has the highest Cr# and must therefore have crystallised from 
a very primitive magma. 
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Table 3. 7: Composition of sulphide bleb in AN232-01 chromian spinel inclusion 
An23 2 wt<>/o An232 cations 
As 0.23 0.001 
Fe 47.03 0.368 
Ni 12.29 0.092 
s 39.58 0.539 
Total 99.14 1.000 
The sulphide's composition was plotted onto an PeNiS ternary diagram for~ 1000°C (modified 
from Craig & Scott (1974), Figure 3.8, where it plots in the field ofmss (monosulphide solid 
solution- (Fe,Ni)1-xS solid solution). 
s 
Ni 
Figure 3.8: Phase relations in the Fe-Ni-S system (wt%) at 1000°C in the presence of an 
equilibrium vapour. Mss = monosulphide solid solution (Fe,Ni)1_xS solid solution). The green dot 
represents the composition of the sulphide bleb from AN232 chromian spinel inclusion. The 
inclusion sulphide is interpreted to be non-stochiometric monosulphide solid solution (mss) 
representing a sulphide liquid quenced from higher temperature. Modified after Craig & Scott 
(1974). 
Craig & Scott (1974) indicated that the monosulphide solid solution is the primary crystalline 
sulphide phase at high temperatures, e.g. pentlandite (Fe,Ni)9S8 does not become a stable phase 
until ~61 0°C. 
Two inclusions in chromian spinel samples AN755 and DX41 contained melt compositions 
identified by WDS. 
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Table 3.8: Average WDS for melt inclusions in chromian spinel samples AN755 and DX41 and 
average Laser-ablation ICPMS data for multiple analyses on single melt inclusion in chromian 
spinel AN755. Sample DX41 was too small for Laser-ablation ICPMS analysis. Elements were 
normalised to an average of Ca and Ti. 
AN755 AN755 DX41 DX41 
n=9 Ia n=4 Ia 
SI02 52.08 2.50 52.49 2.19 
Ti02 0.81 0.10 0.43 O.Q7 
Ah03 15.09 2.99 12.04 0.47 
Cr203 0.59 0.13 1.25 0.64 
FeO 5.16 1.02 7.16 0.76 
MnO 0.05 0.06 0.14 0.05 
MgO 11.48 2.19 13.4 2.81 
CaO 12.33 1.82 12.46 5.28 
Na20 0.99 0.67 0.21 0.16 
K20 0.52 0.34 0.28 0.12 
Total 99.10 0.84 99.81 0.8 
Ti (WDS) 4856 
Ti (ICPMS) 4965 
K 4316 
p 695 
Sc 48.8 
v 485 .9 
Cr 4009 
Ni 130 
Co 47.6 
Cu 27.1 
Ga 24.6 
Rb 47.7 
Sr 147.9 
y 30.2 
Zr 122.5 
Nb 6.7 
Sn 1.21 
Cs 0.624 
Ba 249.8 
La 17.24 
Ce 37.72 
Pr 4.78 
Nd 19.09 
Sm 4.27 
Eu 1.24 
Gd 4.95 
Tb 0.79 
Dy 5.24 
Ho 1.08 
Er 3.21 
Tm 0.47 
Yb 2 .85 
Lu 0.43 
Hf 3.02 
Ta 0.45 
Pb 8.2 
Th 5.4 
u 0.75 
It will be demonstrated in Chapter 5 where the bulk rock geochemistry of the Kalkarinji basalts 
is evaluated, that the trace element signature of the melt inclusion in chromian spinel sample 
AN7 55 is virtually identical to the that of the average Kalkarinj i basalt. This provides evidence 
that the spinels, although stream sediment samples, were derived from primitive Kalkarinji 
rocks. From the above data, the melt inclusions demonstrate that melts of similar composition 
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to Kalkarinji basalts but with > 11 wt% MgO were trapped in the chromian spinels. The 
presence of monosulphide solid solution in one of the chromian spinel inclusions is significant 
as it indicates that the more primitive magmas were sulphur saturated. 
3.3 CRYSTALLISATION SEQUENCE 
It is possible to determine the sequence of crystallisation for selected Kalkarinji basalts over a 
range of MgO wt% using the MELTS program of Ghiorsio & Sack (1995). Simulation 
conditions were: 
Equilibrium crystallisation, P = 1 bar, j02 =FMQ. The results of the simulation can be 
compared to petrographic and mineral chemical observations. Three basalt samples were 
chosen for the simulation, AR038- 8.83 wt% MgO, WL053 - 5.66 wt% MgO and LB019- 3.38 
wt% MgO. The order of crystallisation and phase volumes as a function of temperature for the 
three basalts are illustrated in Figures 3.9, 3.10, 3.11 and 3.12. 
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Figure 3.9: Crystallisation sequence for basalt sample AR038. Observed plagioclase is An73 to 
An6s· 
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Figure 3.10: Crystallisation sequence for basalt sample WL053. Plagioclase observed for basalt 
sample with similar wt% MgO, KTOOl (wt% MgO = 5.55) is An71 to An53• 
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Figure 3.11: Crystallisation sequence for basalt sample LB019. Observed plagioclase is An52• 
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Figure 3.12: Crystallisation sequence for basalt samples AR038, WL053 and LB019. 
Qtz 
I 
According to MELTS, olivine is present on the liquidus for the most primitive basalt, AR038, 
MgO = 8.83 wt% and appears briefly for WL053, MgO = 5.66 wt%. Other early crystallising 
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phases include plagioclase An1 9 , chromian spinel, clinopyroxene and pigeonite. Ilmenite, 
titanomagnetite and K-feldspar are late crystallising phases for the most primitive basalt. For 
the medium and most fractionated rocks, titanomagnetite crystallises earlier. From MELTS 
modelling, crystallisation does not occur in the most fractionated rock LBO 11, until ~ 1120°C, in 
contrast to AR038 where crystallisation begins at 1220°C. 
MELTS predicts chromian spinel to be an early crystallising phase in the more primitive basalt 
AR038. Cr# of the first crystallising MELTS chromian spinel is 53 and Mg# = 64. Although 
MELTS predicts slightly higher Cr# than the population 1 chromian spinels, Mg# is similar. 
Overall, MELTS modelling for the Kalkarinji basalts compares well with the observed mineral 
assemblages. 
For the Ferrar tholeiites (dolerites), Demarchi et al. (2001) concluded from MELTS modelling, 
that orthopyroxene was a liquidus phase for tholeiites with MgO greater than 7%, at pressures 
between 1 and 5 kbars. This is in contrast to the Kalkarinji basalts, which crystallise pigeonite 
in the near surface regime. 
3.4 CONCLUSIONS 
The Kalkarinji basalts and dolerites have mineralogy typical of continental tholeiites, their 
dominant silicate phases being clinopyroxene, pigeonite, rare orthopyroxene, plagioclase, 
quartz, primary and secondary K-feldspar. Oxide phases include ilmenite, titanomagnetite and 
chromian spinel. 
Texturally, the basalts vary from fine-grained aphanitic rocks to porphyritic and coarse-grained 
basalts and dolerites. Plagioclase compositions range from At49 to An72 . K-feldspar occurs 
both as a primary phase and as a secondary alteration product. Ca-rich pyroxene augite, is the 
dominant pyroxene, however minor pigeonite is also commonly present. The high-Cr 
clinopyroxenes observed in the more primitive basalts are most likely xenocrystic. 
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CHAPTER4: GEOCHRONOLOGY 
4.1: INTRODUCTION 
The Kalkarinji basalts comprising the Antrim Plateau, Helen Springs, Nutwood Downs, Peaker 
Piker and Colless Volcanics are Australia's largest Phanerozoic age flood basalt province. 
Stratigraphic constraints suggest that the province is Early Cambrian in age (545 - 509 Ma; 
Young & Laurie, 1996; Bowring & Erwin, 1998) consistent with previous K-Ar ages of ca. 510 
Ma, Bultitude (1976) and a recently determined SHRIMP U-Pb zircon age of 513 ± 12 Ma (2a) 
for the Milliwindi dolerite, a feeder dyke for the Kalkarinji flood basalts (Hanley & Wingate, 
2000). 
In the western portion of the Kalkarinji province, the Antrim Plateau Volcanics overlie 
Proterozoic basement of various stratigraphic ages, Figure 2.3, Chapter 2. To the east, the 
Nutwood Downs Volcanics and Peaker Piker Volcanics are conformably underlain by the 
Bukalara Sandstone (Bultitude, 1976; Dunn, 1963). The Bukalara Sandstone, which overlies 
Proterozoic units of the McArthur Basin region, contains trace fossils of presumed Early 
Cambrian age (Ahmad & Wygralak, 1989), which provides a lower stratigraphic age constraint 
for the Kalkarinji basalts and dolerites. Elsewhere, the Kalkarinji basalts unconformably overlie 
rocks ofMeso- to Neoproterozoic age. 
Basalt flows of the Kalkarinji province are intercalated with thin beds of aeolian sandstone and 
stromatolitic chert (Randal & Brown, 1967), but age-diagnostic fossils have not been found in 
any of these units (Bultitude, 1976). The Kalkarinji basalts are overlain by limestone and 
chertified limestone of early-Middle Cambrian age; west to east: Headleys (Mory & Beere, 
1988), Montej inni (Randal & Brown, 1967) and Tindall Limestone (Kruse et al. , 1994) and 
Gum Ridge Formation (Randal & Brown, 1969). In the Katherine region, palaeontological 
evidence indicates that the unconformably overlying Tindall Limestone was laid down in the 
late Ordian and early Templetonian stages of the Australian Middle Cambrian (Kruse et al. , 
1994). 
4.2 PREVIOUS WORK 
Bultitude (1972) obtained K-Ar ages of 500±12 Ma and 511±12 Ma for the Helen Springs and 
Nutwood Downs Volcanics respectively (recalculated using the decay constants of Steiger & 
Jager, 1977). Thirty years ago, however, the older K-Ar dates of -510 Ma were assumed to be 
erroneously young (Late Cambrian), as they were apparently inconsistent with known 
stratigraphic constraints (Bultitude, 1972). Morever, subsequent radiometric dating of Antrim 
Plateau Volcanics by the K-Ar method did not produce consistent results, yielding ages that 
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ranged from 395±10 Ma to 506±10 Ma (Bultitude, 1976; unpubl. AMDEL report- recalculated 
using the decay constants recommended by Steiger & Jager, 1977). 
Recent Ar-Ar dating of plagioclase separates yielded an Ordovician age of 475±2 Ma 
(recommended timescale of Young & Laurie, 1996) (S-s. Sun, pers. comm., 1998). A Rb-Sr 
isochron age of 580 Ma with an initial 87Sr/86Sr of 0.708 was obtained for whole rocks and 
mineral separates from Antrim Plateau Volcanics, but this was not considered to be reliable 
(R.W. Page,pers. comm., 1999). 
More recently, Hanley (now Glass) & Wingate (2000; Appendix III) determined a U-Pb zircon 
age of 513 ±12 Ma for the Milliwindi dolerite, a feeder dyke for the Kalkarinji basalts. This age 
was considered to represent the timing of the eruptive event. 
4.3: Ar-Ar GEOCHRONOLOGY 
4.3.1: Introduction 
In an effort to produce more precise age constraints for the Kalkarinji Flood Basalt Province, an 
40 Ar-39 Ar investigation was undertaken of plagioclase mineral separates from four basalt 
samples. 
The 40ArP9 Ar method of dating has been well documented by McDougall & Harrison (1999) 
and relies on the conversion of 39K to 39 Ar, which occurs when the sample to be dated is 
irradiated in a nuclear reactor by bombardment with fast neutrons. 40 Ar is the radiogenic 
isotope produced from natural decay of 4°K over geological time whereas 39 Ar is produced from 
39K by neutron irradiation, and together give a measure of the abundance of the 4°K parent 
isotope. In the sample, 40 ArP9 Ar is proportional to the 40 Arf°K ratio, and hence proportional to 
age (McDougall & Harrison, 1999). The advantage of the 40ArP9 Ar method, is that argon can 
be partially released by incremental stepwise heating. If the mineral retained all its to argon and 
potassium since the time of crystallisation, then the ages determined at each step should be 
constant and therefore meaningful (Faure, 1986). 
4.3.2 Methods 
Individual samples were selected on stringent petrographic criteria, i.e. only the freshest basalts 
were selected based on thin sections examined under a transmitted light microscope. In order to 
eliminate the effects of alteration, plagioclase separates were selected for analysis. Four 
samples covering the breadth of the province had feldspar of optical clarity suitable for Ar-Ar 
analysis. The host basalts came from the Limbunya (western Northern Territory, LBOll), 
Helen Springs (HS002), Daly River (DR021) and Katherine (KT001) regions Figure 4.1. 
Stratigraphic constraints indicate that the basalts and dolerites are of similar age. 
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0 Kalkarinji basalt (outcrop extent) 
0 King Leopold and Halls Creek Orogenic belts 
- - - Probable original extent of Ka lkarinji Flood Basalt 
Figure 4.1: Schematic map of northern Australia showing location of samples for Ar-Ar analyses 
For all samples, only the freshest feldspar grains of high optical clarity were handpicked from 
the mineral separates. The average handpicked grain size for samples HS002, DR021 and 
KTOOl, was approximately 130 microns. Sample LB011 is glomeroporphyritic and has feldspar 
grains of approximately 160 - 180 microns in diameter. Electron microprobe analyses for all 
samples are presented and analytical methods described in Appendix III. Total K20 for 
plagioclase phenocrysts in these samples varies between ~0.2 - 0.4 wt% K20. CaO varies 
between ~ 10- 16wt% (An77-An50) and Na20 between ~2.5 - 5.5 w%. 
4.3.3 Results 
Apparent age spectra and CalK results (expressed as molar ratios) are plotted against cumulative 
per cent 39 Ar for all four samples (including one duplicate), and are presented in Table 4.1 and 
Figures 4.2 to 4.6. Relevant analytical data are listed in the Appendices. 
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Table 4.1: 40ArP9 Ar age spectra results for the Antrim Plateau, and Helen Springs Volcanics 
'
0 Ar/ 39 Ar Plateau ages 
Age Incremental %39Ar 
Region Sample (Ma) lo Total 'MSWD 
Fusion Age Included 
Helen Springs, HS002 508 ± 2 508 ±2 99.2 0.89 
Northern Territory (1) 
Helen Springs, HS002 508 ± 2 514 ± 5 52.8 1.30 Northern Territory (2) 
Limbunya, LB011 505 ± 2 505 ±2 99.1 3.10 Northern Territory 
Daly River, DR021 496 ± 2 500 ±3 48.8 0.46 Northern Territory 
Katherine, KTOO 1 489 ±3 
Northern Territory 
492 ±4 39.0 0.57 
(i) MSWD - mean squared weighted deviates 
bTotal 
Plateau 
Errors (Ma) 
6.0 
6.1 
7.7 
5.5 
5.9 
Comment 
Very high quality 
specimen 
Saddle shaped spectra 
with <50% of 39Ar 
suggesting Ar loss 
Saddle shaped spectra 
with <50% ofl 9Ar 
suggesting Ar loss 
(ii) • = total plateau errors including uncertainties related to the measurement of •u Ar* /"ArK, the irradiation 
parameter J, the K/Ar age of the fluence monitor and the decay constants A. and "-R· 
(iii) Data are corrected for mass spectrometer backgrounds, discrimination and radioactive decay. 
(iv) Interference corrections: C6Ar;J7Ar)c. = 3.5 X 10""; C9Ar;J7Ar)c. = 7.86 X 10"4; (40ArrAr)K = 3.70 X 10-2 
(v) J-value is based on an age of 98.8 Ma for GA-1550 biotite. 
Age plateaus are defined as flat spectra comprising at least three successive incremental heating 
steps, incorporating >50% of 39 Ar and give an age which is concordant at the 95% confidence 
level, however the value of 50% is somewhat arbitrary. All errors correspond to one standard 
deviation. For Figures 4.2 to 4.8, the individual steps included in the age spectrum are 
highlighted in red, and discordant steps not included are shown in grey. 
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Plagioclase Feldspar 
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Sample HS002 (1) 
Plagioclase Feldspar 
[--------------------------- -----·-------------- --] Plateau age= 508 ± 2 Ma (1 o) MSWD=0.89 Includes 99.22% of the 39Ar 
Integrated total fusion age = 508 ±2 Ma 
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Figure 4.2 : Apparent age spectra for sample HS002 (1). The uncertainties represented by the 
vertical length for each incremental step are la, and exclude uncertainties in the J -value. CalK 
plots above the age spectra are expressed as molar ratios. 
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Figure 4.3: Apparent age spectra for sample HS002 (2). The uncertainties represented by the 
vertical length for each incremental step are lo, and exclude uncertainties in the J-value. CalK 
plots above the age spectra are expressed as molar ratios. 
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Figure 4.4: Apparent age spectra for sample LBOll. The uncertainties represented by the vertical 
length for each incremental step are lo, and exclude uncertainties in the J-value. CalK plots above 
the age spectra are expressed as molar ratios. 
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Figure 4.5: Apparent age spectra for sample DR021. The uncertainties represented by the vertical 
length for each incremental step are la, and exclude uncertainties in the J-value. CalK plots above 
the age spectra are expressed as molar ratios. This sample displays a saddle shaped spectrum. 
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Figure 4.6: Apparent age spectra for sample KTOOl. However, this sample is not representative of 
a true plateau age as described previously in the text where 39 Ar >50%. The uncertainties 
represented by the vertical length for each incremental step are lo, and exclude uncertainties in the 
J-value. CalK plots above the age spectra are expressed as molar ratios. 
4.3.4 Discussion 
Plateau ages for the samples can be determined where concordant, consecutive steps are within 
2 standard deviations of the mean. Apparent age spectra produced for HS002 (1), HS002 (2) 
and LBOll plagioclase samples yielded well-constrained plateau ages of 508 ±2, 508 ±2 and 
505 ±2 Ma, all analyses being within error of one other at the lo level. Samples (DR021 and 
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KT001) have saddle-shaped spectra, suggestive of excess argon and/or alteration of plagioclase. 
Both samples yield younger 'plateau' ages of 496 ±2 (1a) and 489 ±3 (la) respectively. The 
apparent 'plateaus' (5 and 4 steps respectively) are not only relatively small in terms of the 
percentage of 39 Ar released (49 and 39%) but also produce an age significantly younger than the 
better defined concordant ages of HS002 and LBO 11. In Figure 4.3, sample HS002 (2), the first 
seven steps are discordant and this possibly relates to excess argon contamination. 
Plots of molar CalK versus cumulative 39 Ar fraction plots are useful because they reveal the 
presence of alteration, reflected in low CalK ratios . Heimann et al (1994) described how altered 
matrix adhering to plagioclase grains has appreciably higher K content than its unaltered 
predecessor and can bias the age towards erroneously young values. These alteration effects 
reflected by low CalK ratios, can be isolated by incremental step heating analyses and a 
correlation can be made with the apparent age spectra. This may explain the younger plateau 
ages for DR021 and KTOOl. It is more difficult to reconcile the low CalK ratios for plagioclase 
sample HS002 (1) Figure 4.2, with the minimal dispersion of age spectra over the temperature 
interval of 11 00°C to 1200°C. This might reflect compositional zoning within the plagioclase 
crystals, and at these elevated temperatures the crystallisation age reflects the apparent age. 
It is difficult to attribute discordance in the age spectra to 39 Ar recoil, as this is typically 
reflected by high apparent ages at low temperatures, an intermediate plateau and low apparent 
ages at high temperatures (Heimann et al., 1994). This pattern is not seen in any of the apparent 
age spectra, except possibly KTOO 1. 
Data for the five samples that yielded plateau ages are plotted on inverse isochron diagrams, 
where 36Arf0Ar is plotted against 39 Arf0Ar, Figure 4.8. The 40ArP6Ar (the inferred composition 
of the initial or trapped argon) is given by the inverse of the 36 Arf0 Ar ratio. Table 4.2 shows 
isochron age data compared to apparent plateau ages. Three samples gave acceptable isochrons 
(MSWD <2). Moreover, the isochron ages are indistinguishable at the 95% confidence level. 
Although sample LB011 has a MSWD >2, it is still within error at the 1a level. 
Table 4.2: Isochron data summary 
Plateau Age lsochron age 
Sample ± la(Ma) MSWD ± la (Ma) MSWD 40Ar/'jf,Ar 
HS002 (1) 508 ± 2 0.95 507 ± 1 1.16 303.1 ± 8 
HS002 (2) 508 ± 2 1.05 508 ± 1 1.78 295.4 ± 2 
LB011 505 ± 2 1.80 508± 2 4.20 286.5 ± 4 
DR021 496±2 0.53 494±2 0.49 322.7 ± 30 
KT001 489± 3 0.57 491 ± 5 0.87 260.1 ± 61 
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Atmospheric 40Ar/36Ar ratio is taken to be 295.5 (Steiger & Jager, 1977; McDougall & Harrison, 
1999). Although three of the samples had values close to the atmospheric ratio, sample DR021 
was anomalously high, (40 ArP 6 Ar = 322.7 ±30), however it is still within error of the 
atmospheric 40ArP9 Ar ratio of 295.5. This higher value is probably due to the observed limited 
spread in the 36 Arf0 Ar versus 39 Arf0 Ar plot for the plateau steps (Figure 4.5). Most of the 
argon produced by this sample was highly radiogenic, hence all the points concentrated near the 
x-axis e9 Arf0 Ar). This meant there was considerable uncertainty about the y intercept and 
hence the calculated 36 Arf0 Ar value. Two of the samples, KTOO 1 and LBO 11 had low values 
for 40 ArP6 Ar, 260.1 ±61 and 286.5 ±4, caused by discordance in their ages. 
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Figure 4.7: Inverse isochron plot for plagioclase sample HS002(1) showing 36Arf0Ar plotted 
against 39 Arf0 Ar. The inverse of the y-intercept gives 40 ArP6 Ar, the inferred value for the 
trapped or initial argon component. The red crosses represent steps used to calculate the 
isochron age. Black crosses represent steps not used. 
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Figure 4.8: Inverse isochron plot for plagioclase sample HS002(2) showing 36 Arf0 Ar plotted 
against 39 Arf0 Ar. The inverse of the y-intercept gives 40 ArP6 Ar, the inferred value for the 
trapped or initial argon component. The red crosses represent steps used to calculate the 
isochron age. Black crosses represent steps not used. 
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Figure 4.9: Inverse isochron plot for plagioclase sample LBOll showing 36Arf0Ar plotted against 
39 Arf0Ar. The inverse ofthe y-intercept gives 40ArP6Ar, the inferred value for the trapped 
or initial argon component. The red crosses represent steps used to calculate the isochron 
age. Black crosses represent steps not used. 
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Figure 4.10: Inverse isochron plot for plagioclase sample DR021 showing 36 Arf0 Ar plotted 
against 39 Arf0 Ar. The inverse of they-intercept gives 40 ArP6Ar, the inferred value for the 
trapped or initial argon component. The red crosses represent steps used to calculate the 
isochron age. Black crosses represent steps not used. 
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Figure 4.11: Inverse isochron plot for plagioclase sample KTOOl showing 36Arf0Ar plotted 
against 39 Arf0 Ar. The inverse of the y-intercept gives 40 ArP6 Ar, the inferred value for the 
trapped or initial argon component. The red crosses represent steps used to calculate the 
isochron age. Black crosses represent steps not used. 
At the 1 a level, the age of the basalts is constrained between 510 and 494 Ma. Given the tight 
biostratigraphic constraints for the Early Cambrian to Middle Cambrian boundary, i.e. 
fossiliferous limestones of the same biostratigraphic age (earliest Middle Cambrian) overlie 
basalts across the entire province, it is unlikely that the younger ages actually correspond to the 
eruptive event. In addition, samples DR021 and KTOOl are not within error (the plateau ages 
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are >2a of the more well constrained, concordant plateau ages for HS002 (I), HS002 (2) and 
LBO 11 ), therefore their ages can be regarded as discordant. If the latter three age spectra are 
considered concordant, then the range at the 1a level is 510 to 503 Ma. However, the well-
defined plateau age spectra for HS002 (1) best constrains volcanism to 508 ±2 Ma (1a), giving 
a range of 510 to 506 Ma. In this sample, virtually all of the 39 Ar released (99.22% of 39 Ar) is 
associated with the plateau. 
4.4: LINK TO EARLY CAMBRIAN-MID CAMBRIAN MASS EXTINCTIONS 
In Chapter 2, links between continental flood basalts and mass extinctions was discussed. In 
particular, it was documented that two mass extinction events occurred in the mid-Early 
Cambrian, Zhuraviev & Wood (1996). The new age for the Kalkarinji province can now be 
compared with the timing of these events. 
Figure 4.13 shows the temporal relationship between the Kalkarinji basalts and the mass 
extinctions. 
Kalkarinji volcanism 
507 ±4 Ma (2 a) 
Mass 
extinctions 
Late 
Cambrian 
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Figure 4.13: Cambrian timescale showing the timing of the mid-Early Cambrian global mass 
extinctions and the Kalkarinji basalts. Timescales from Landing et al., 1998 and Bowring & Unwin 
(1998). 
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Figure 4.13 shows that there is overlap for the Kalkarinji volcanic event with the Toyonian mass 
extinction and it is possible that volcanic emissions associated with Kalkarinji volcanism may 
have been in some way responsible for this global mass extinction. 
4.5 CONCLUSIONS 
The new high-precision Ar-Ar age of 507 ±4 (2a) Ma is within error of the U-Pb zircon age of 
513 ±12 Ma (2a) obtained by Hanley & Wingate (2000) and indicates the eruptive event 
coincided with the Lower Cambrian - Middle Cambrian boundary, adopting the timescale of 
Young & Laurie, (1996). The two samples that yielded concordant age spectra, HS002 and 
LBOll are geographically separate from each other (Figure 4.3), suggesting that volcanism was 
synchronous across the province. 
The new ages provide strong geochronological evidence linking the Antrim Plateau Volcanics 
with their proposed stratigraphic equivalent, the Helens Springs Volcanics. In subsequent 
chapters, it is shown that the Antrim Plateau Volcanics and their stratigraphic equivalents are 
also geochemically and isotopically indistinguishable. The new name for the province, 
Kalkarinji, has been chosen firstly to minimise confusion with the more well known northern 
hemisphere Antrim basalts in northern Ireland and also to provide an all encompassing name to 
embrace the north Australian Cambrian flood basalt event. 
It is possible that coeval basalts in the Savory Basin (M Wingate, pers. comm. 2001) Officer 
Basin (Table Hill Volcanics, J Jacksonpers. comm., 1998; Veevers, 2000) may also be part of 
this same eruptive event. This warrants further investigation, because I MacDougall, pers 
comm . in Veevers (2000) reported a K-Ar age of 500 ±7 for the Table Hill Volcanics. In 
addition, Veevers (2000) also suggested that the Boyagin dyke swarm in the SW Yilgarn Block 
could be part of this huge province. 
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CHAPTER 5: GEOCHEMISTRY OF THE KALKARINJI LOW-Ti 
FLOOD BASALT PROVINCE 
5.1 INTRODUCTION 
The Early-Cambrian Kalkarinji flood basalts (Antrim Plateau Volcanics and stratigraphic 
equivalents) are exposed over an extensive area ( -1700km by >900km) of northern Australia. 
Samples were collected from locations across the entire province in order to determine 
geochemical variation across the extent of the province and through stratigraphic sequences to 
document temporal geochemical variation (Figure 5.1). 
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u[l 0 
'• 
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0 300Jsm - - -0 Kalkarinji basalt (out crop extent) - -- - -- -----------
D King Leopold and Halls Creek Orogenic belts 
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' 
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.. 
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Figure 5.1: Map showing outcrop extent of Kalkarinji basalts and dolerites and locations of 
samples used for geochemical analysis. Note that the sample locations for the Boondawari dolerite 
and the Table Hill Volcanics are shown in the top left hand of the diagram. 
Whole rock compositions of basalts and dolerites from the Kalkarinji Flood Basalt Province 
were determined by XRF for major element compositions and laser ablation ICPMS on glass 
fusion beads (1 part lithium borate flux: 2 parts rock) for trace elements, using an ArF UV 
excimer laser system (193nm wavelength) coupled to a an Agilent 7500s quadrupole ICPMS at 
the Research School of Earth Sciences, the Australian National University. A spot diameter of 
135 f!m was used. The area to be analysed was initially cleaned with two pulses from the laser 
to remove surface contaminants. A detailed description for the methods is in Appendix IV. 
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5.2 MAJOR ELEMENT COMPOSITIONS 
5.2.1 Major Element Values 
The Kalkarinji basalts are low-Ti tholeiites with Ti02 values ~1 wt% at 6 wt% MgO. Relative 
to mid-ocean ridge basalts they are characterised by relatively low Fe01 (total FeO as FeO) and 
P205 contents, low Ca0/Ab03 ratios and high Si02 values for a given MgO content (Appendix 
AIV). K20 wt% values range between 0.5 to ~2 wt%, but are higher in the more altered rocks 
(e.g. up to 3 wt% K20). 
MgO wt% values are variable and range from ~9 to 3 wt% with a mean of ~6 wt%. Mg# varies 
from 34 to 72, mg# = (molarlOO*Mg/(Mg+Fe2+) for Fe20 3/Fe0=0.15) however, most basalts 
cluster between values of 50 - 65. Using the olivine-liquid Mg-Fe partition coefficient of 
Roeder & Emslie (1970) (Kn(Fe/MgXOivlliq) = 0.3), and adding olivine incrementally following 
(Frey et a/., 1978) it was found that the most primitive Kalkarinji basalt (Mg# =72, 9 wt% 
MgO) could have been in equilibrium with mantle olivine, having forsterite88_89 on the liquidus. 
However, this sample has only 140 ppm Ni (unlike 300ppm Ni for melts in equilibrium with 
mantle olivine) and more likely experienced olivine fractionation. 
Pi critic basalts were not found among any of the Kalkarinji flood basalts analysed in this study, 
but this could be due to a sampling bias, as only the freshest rocks were collected for analysis. 
However, chromian spinel was extracted from individual flows within the Kalkarinji sequence, 
(T Reddicliffe, GSW A unpublished open file report 130246, 1980) indicating primitive 
compositions are present. Moreover, as documented in Chapter 3, Kalkarinji chromian spinel 
was detected in stream sediment samples and the trace element signature of a melt inclusion in 
one of the spinels will be discussed further in this chapter. 
5.2.2 CIPW Normative Composition 
CIPW normative calculations reveal that the Kalkarinji basalts range from olivine-hypersthene 
normative compositions with <10% olivine, to quartz normative compositions with <10% 
quartz. All basalts contain ~20% normative diopside. Silica saturation levels are transitional 
between quartz tholeiites and olivine normative tholeiites. 
5.2.3 Chemical Assessment of Alteration 
A common feature for most flood basalt provinces are later imposed alteration events, mostly 
attributed to hydrothermal processes, e.g. the Deccan basalts (Subbarao eta/. , 2000). Although 
for geochemical purposes only the freshest Kalkarinji basalts were chosen for analysis, it is 
inevitable that some basalts which look petrographically fresh in hand specimen nevertheless 
have experienced some alteration. Alteration is typified by low CaO values and high alkalis, 
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principally arising from overprinting of primary plagioclase by secondary minerals including 
albite and K-feldspar and clinopyroxene alteration to chlorite. In order to distinguish between 
fresh, and altered Kalkarinji basalts, the compositions can be geochemically sub-divided 
according to CaO/MgO versus (Na20+~0/Mg0) and CaO/Ah03 versus Na20+K20/Ah03 
ratios as shown in Figure 5.2a-b. These subdivisions closely approximate the degree of 
petrographic alteration as estimated from feldspar appearance. 
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Figure 5.2a-b: CaO/MgO versus Na20+K20/Mg0 and Ca0/Ah03 versus Na20+K20/Al20 3 
discrimination plots detailing the effects of alteration for the Kalkarinji basalts 
These subdivisions have been used in the choice of samples for geochemical and isotopic 
modelling and for radiogenic age dating by the 40 ArP Ar method. 
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5.2.4 Major Element Variation Diagrams vs MgO wt% 
Harker diagrams are bivariate oxide plots designed to show magmatic differentiation in a rock 
suite. Traditionally, Si02 is plotted on the x-axis, however it is more appropriate to use MgO as 
a differentiation index for mafic rocks. These diagrams are useful, as they can be used to 
document the effects of crystal fractionation, indicate whether more than one suite of rocks are 
present, and demonstrate the effects of alteration of the more mobile elements. Figure 5.3, 
shows various major elements plotted against MgO. Using the classification for degree of 
alteration derived above, the Kalkarinji basalts have been categorised into high, medium and 
low alteration types. 
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Figure 5.3: Harker Diagrams showing major element oxides variation against MgO wt%. A 
regression line through the least altered data is shown. Symbols as for Figure 5.1. 
The diagrams in Figure 5.3 show good correlation between major element oxides and MgO. 
The trends suggest control by low-pressure fractional crystallisation. Al20 3 and CaO decrease 
with increasing fractionation, presumably due to crystal-liquid control associated with the 
crystallisation of clinopyroxene and plagioclase feldspar. The other oxides however, increase 
with decreasing MgO demonstrating their preference for the residual liquid. 
While low alteration basalts plot tightly along a regression line, the medium altered and highly 
altered samples scatter well off this line. This is clearly shown for CaO and Na20 which scatter 
in opposite senses due primarily to albitisation of plagioclase during alteration. 
5.2.5 Fractionation Modelling using MELTS and Petrolog Computer Programs 
The above major element oxide trends suggest that crystal fractionation was an important 
process in the evolution of the Kalkarinji Flood Basalt Province. It is necessary however, to 
establish whether fractionation alone can account for these well-defined linear trends. 
It is possible to model crystal fractionation for major elemental oxides over a range of MgO 
using the programs MELTS (Ghiorso & Sack, 1995) and also Petrolog (Danyushevsky, 1998) 
which simulate crystal-liquid equilibrium. In order to model fractionation over the range of 
MgO values for the Kalkarinji basalts, the most primitive basalt (AR038, MgO = 9 wt%) was 
chosen as the starting composition. The liquidus was calculated to be 1235°C for MELTS and 
.f., ,·,~c-
12400C for Petrolog. /02 was set to the quartz~-magnetite buffer (QFM). The fractionation 
steps were set over a 5°C interval, ceasing at 1130°C. Pressure was set to 10 bars, equivalent to 
that occurring in magma conduits just below the surface. For Petrolog, two different plagioclase 
crystal-liquid models were used. Petrolog 1 uses the data from Weaver & Langmuir (1990) and 
Petrolog 2 uses the model of Ariskin & Barmina ( 1990). The model for olivine uses the data 
from Ford et al. , 1983; for clinopyroxene, Ariskin et al., 1988; for orthopyroxene, Nielsen and 
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Drake, 1979; for pigeonite, Arisken et al., 1988; for chromian spinel, Ariskin & Nikolaev, 1996; 
for ilmenite and magnetite, Ariskin & Barmina, 1999. The Fe20 3 in the melt is calculated using 
the QFM buffer of oxygen fugacity following the model of Borisov & Shapkin (1989). The 
results shown by solid lines are presented in Figure 5.4. 
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Figure 5.4: The effects of fractionation of major element oxides versus MgO wt % for Kalkarinji 
basalt AR038, using the MELTS and Petrolog modelling programs. Symbols as for Figure 5.2. 
For MELTS and Petrolog 2 modelling, Ah03 initially increases with decreasing MgO, however 
this is more pronounced for MELTS. This is followed by a rapid decrease until between ~8.3 to 
7.3 wt% MgO, after which the decrease is more gradual. This can be explained by the 
crystallisation of olivine, followed by plagioclase and then joined by clinopyroxene consistent 
with gabbroic fractionation (Turner & Hawkesworth, 1995). Plagioclase first appears at 8.5 
wt% MgO for Petrolog 2 and 8.2 wt% MgO for MELTS. Petrolog 1 modelling clearly has a 
poor fit when compared to the natural data. For the MELTS model, the first crystallising phase 
was olivine followed by plagioclase then clinopyroxene. However, both Petrolog models show 
Cr-spinel as the first crystallising phase, followed by olivine then plagioclase. The other major 
elemental oxides show modelled negative linear trends and demonstrate how fractionation alone 
may account for these slopes. 
It is difficult to draw comparisons between the different models and the natural compositions, 
especially for Si02 and Ah03; in particular Petrolog 1 results in exceptionally low values for 
Ah03 and high Si02 values . The low Ah03 values may be explained by this model having 
excess feldspar crystallising and/or the feldspars were anorthite rich (more aluminous than 
albite). In a general sense, the MELTS and Petro log fractional crystallisation modelling 
reproduces the natural data. It is possible the linear variation trends may indicate some element 
of magma mixing, however, this is not physically realistic as the proportions of mixing between 
end-member components would need to be extremely precise. It is possible that for the natural 
data clinopyroxene crystallises earlier than the models predict so that smoother variation of 
oxides with MgO is achieved in nature. 
5.2.6 Summary 
The major element compositions of the Kalkarinji basalts appear to have been controlled by 
low-pressure crystal-liquid equilibria, involving the crystallisation of olivine, clinopyroxene, 
pigeonite, plagioclase, spinel, ilmenite, K-feldspar and in the more fractionated rocks, quartz. 
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Fractionation trends over the range of ~9 to 3 wt% MgO indicate that they probably evolved 
chemically in low pressure magma chambers or dyke conduits. 
5.3 TRACE ELEMENT COMPOSITIONS 
5.3.1 Trace Element Variation Diagrams vs MgO wt% 
5.3.1.1 First Row Transition Elements 
Figure 5.5 shows Sc, V, Cr and Ni variation plotted against MgO wt%. 
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Figure 5.5: Harker diagrams for Sc, V, Cr and Ni plotted against MgO wt%. Symbols as for 
Figure 5.2. 
10 
10 
Scandium shows a weak negative correlation with MgO and is thought to behave in a similar 
fashion to Fe3+ due to its similar ionic radius, i.e. it partitions into clinopyroxene. Vanadium 
shows an inverse correlation with MgO indicating that during fractional crystallisation it 
behaved in an incompatible fashion and was not partitioned strongly into any solid phases. Cr 
and Ni show strong positive correlations with MgO wt%. For both Cr and Ni, the data cluster 
into two populations, the more primitive basalts with ~400 ppm Cr and ~140 ppm Ni and the 
more fractionated basalts with ~20 ppm Cr and ~15 ppm Ni. The depletion of Cr with 
decreasing MgO can be explained by fractionation of clinopyroxene and/or chromian spinel. Ni 
also decreases rapidly with decreasing MgO and this is due to the high compatibility of this 
element in olivine. The Cr/Ni ratio is very high and suggests further loss of Ni at some stage 
and may be related to sulphide saturation resulting in chalcophile element depletion. 
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5. 3.1. 2 Large Jon Lithophile Elements (LILE) and Sr and U 
The low field strength large ion lithophile elements (LILE) are Cs, Rb, K and Ba. Figure 5.6 
shows Rb, Sr, Ba and U variation plotted against MgO wt%. 
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Figure 5.6: Harker diagram showing the LILE, Rb, Sr, Ba and U plotted against MgO wt%. 
Symbols as for Figure 5.2. 
There is a negative correlation between both Rb and Ba versus MgO wt%. Rubidium, Cs and 
Ba are concentrated in the melt fraction relative to the crystallising assemblage. Strontium in 
contrast shows essentially no variation and is near constant with MgO. Although Sr is 
nominally an incompatible element in olivine and clinopyroxene, it has a partition coefficient 
considerably greater than one for plagioclase, and, with the appearance of plagioclase in the 
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fractionation sequence, the effect will be that Sr becomes compatible in plagioclase provided 
plagioclase and clinopyroxene crystallise roughly in sub-equal amounts during fractionation. 
LILE elements tend to be mobile and are susceptible to the effects of alteration as shown for the 
high and medium-altered samples in Figure 5.6, where there is appreciable scatter. Uranium is 
an extremely incompatible, mobile element, and in the more altered rocks, the values are 
anomalously high. However, the high U value for one of the fresh samples in Figure 5.5 can be 
attributed to crustal contamination. This sample, MROOl is a dolerite dyke from the East 
Kimberley region and contains enclaves of granitic country rock. The high U value may arise 
from turbulent flow in the dyke conduit entraining U-rich granitic country rock upon ascent 
through the earth's crust. 
5.3.1.3 High Field Strength Elements (HFSE) 
High field strength elements include Zr and Hf (4+ valency- moderately incompatible) and Ta 
and Nb (5+ valency - highly incompatible). Often, the actinide series elements Th (4+) and U 
( 4 + or 6+) are included because of their high ionic charge. The high field strength elements have 
a high ionic potential (high valency to ionic radius) and as such, are highly insoluble in fluid 
phases and hence are usually considered to be immobile during weathering and alteration. 
Figure 5.7 shows Zr, Nb, Hf, Ta and Th in a Harker diagram plotted against MgO wt%. A 
negative correlation is observed for these elements. 
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Figure 5.7: Harker diagram showing the HFSE, Zr,Nb,Hf, Ta and Th plotted against MgO wt%. 
Symbols as for Figure 5.2. 
5. 3.1. 4 Rare Earth Elements- REE and Ytterium 
Plots of Y (Yttrium behaves in a similar fashion to the heavy REE, Ho) Nd, Sm and Eu are 
shown against MgO wt% in Figure 5.8 and show negative correlations indicating the 
incompatibility ofthese elements. 
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Figure 5.8: Harker diagram showing the REE & Y plotted against MgO wt%. Symbols as for 
Figure 5.2. 
Sm and Eu have been plotted on the same diagram (Figure 5.8) in order to demonstrate the 
effects of plagioclase fractionation. In the absence of plagioclase, Eu and Sm will behave in a 
similiar manner during crystal fractionation. However, once plagioclase appears in the 
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fractionating sequence, divalent Eu2+ behaves like Sr and is partitioned into the Ca-site of 
plagioclase and its subsequent removal in this manner, results in lower Eu/Sm in the residual 
liquid. Using calculated regression lines between 9 and 3 wt% MgO, it is found that Sm is 
enriched by 1.6 times and Eu by 1.08 times confirming involvement of plagioclase. In Figure 
5.8, the Eu anomaly Eu/Eu* is plotted against MgO. Eu* is the expected Eu value for a smooth 
chrondrite-normalised REB pattern where 
Eu!Eu* =BUN /(SmN*GdN)0·5 
Plagioclase involvement is also demonstrated by the negative Eu (Eu/Eu* <1) anomaly and 
Eu!Eu* decreases with increasing fractionation of the rock. 
5.3.2 Observed Enrichment Factors versus MELTS and Petrolog Calculated Enrichment 
Factors 
In Chapter 3 the crystallisation sequence was determined for Kalkarinji basalts over a range of 
wt% MgO contents using MELTS program. Using the crystallisation sequence for the most 
primitive basalt ( ~9.0 wt% MgO) it is possible to calculate enrichment factors for various 
incompatible trace elements at 7, 6, 5 and 3 wt% MgO. This is to determine whether the trace 
elements are consistent with fractionation only based on the two modelling programs. The 
calculated enrichment factors can be compared to the observed enrichment factors for the same 
MgO values as depicted in the Harker diagrams presented above. Such determinations can be 
made for elements where the Crystal-Liquid Bulk Distribution Coefficients (DBuik) approximate 
0. In this case the elements Rb, Zr, Ta, Pb, Th and U have been selected. The data are 
presented in Table 5.1. Uncertainties associated with the natural data are included in the 
calculations. 
In the initial stage of crystallisation, the MELTS and Petrolog programs assume less 
crystallisation than observed for the natural rocks. However, as fractionation increases, the 
observed data more closely approximates the MELTS and Petrolog modelling. The more 
evolved compositions are considerably different from the MELTS modelled compositions. The 
assumption of DBuik ~ 0 is clearly not valid for these elements in extremely fractionated 
compositions. The highly incompatible elements Ta and Th which behave in a similar fashion, 
most closely approximate the MELTS data and are highlighted in Table 5.1. Uranium however, 
is more enriched than expected over the entire fractionation range suggesting that some process 
other than crystal fractionation is responsible for selectively enriching this element throughout 
the fractionation series. This will be addressed in later chapters. 
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Table 5.1: Observed Enrichment Factors for elements where the Bulk Distribution coeficient (D8,")- = 0 (Rb, Zr, Ta, Pb, Th and U) versus MELTS and Petrolog Calculated Enrichment Factors 
MELTS' Petrolog I Petrolog 2 Observed MELTS' Petrolog I Petrolog 2 Average % MELTS' Petrolog I Petrolog 2 Observed MELTS' Petrolog I Petrolog 2 
Calculated Calculated Calculated Enrichment Average % Average % Average % Crystallisation Calculated Calculated Calculated Enrichment Average % Average % Average % 
Element Enrichment Enrichment Enrichment Factor for Crystallisation Crystallisation Crystallisatio assuming D..," Enrichment Enrichment Enrichment Factor for Crystallisation Crystallisation Crystallisation 
Factor (7-9 Factor (7-9 Factor (7-9 elements (7-9 (7-9wt% (7-9wt% n (7-9wt% ....0(7-9wt% Factor (6-9 Factor (6-9 Factor (6-9 elements (6-9 (6-9wt% (6-9wt% (6-9wt% 
wt% Mg0) wt% Mg0) wt% Mg0) wt% Mg0) MgO) MgO) MgO) MgO) wt% MgO) wt% MgO) wt% Mg0) wt% Mg0) MgO) MgO) MgO) 
Rb 1.4 1.4 1.3 1.5-2.2 29 30 24 46 2.0 1.8 1.6 2.0-2.6 50 45 37 
Zr 1.4 1.4 1.3 1.4-1.9 29 30 24 37 2.0 1.8 1.6 1.8-2.2 50 45 37 
Ta 1.4 1.4 1.3 1.8-2.2 29 30 24 50 2.0 1.8 1.6 2.4-2.8 50 45 37 
Pb 1.4 1.4 1.3 1.4-2.3 29 30 24 44 2.0 1.8 1.6 1.8-2.7 50 45 37 
Th 1.4 1.4 1.3 1.6-2.4 29 30 24 50 2.0 1.8 1.6 2.2-2.9 50 45 37 
u 1.4 1.4 1.3 2.1-2.9 29 30 24 60 2.0 1.8 1.6 2.9-3 .7 50 43 37 
MELTS' Petrolog I Petrolog 2 Observed MELTS' Petrolog I Petrolog 2 Average % MELTS' Petrolog I Petrolog 2 Observed MELTS' Petrolog I Petrolog 2 
Calculated Calculated Calculated Enrichment Average % Average % Average % Crystallisation Calculated Calculated Calculated Enrichment Average % Average % Average % 
Element Enrichment Enrichment Enrichment Factor for Crystallisation Crystallisation Crystallisatio assuming 0..,1, Enrichment Enrichment Enrichment Factor for Crystallisation Crystallisation Crystallisation 
Factor (5-9 Factor(5-9 Factor (5-9 elements (5-9 (5-9wt% (5-9wt% n (5-9wt% -o (5-9wt% Factor (3-9 Factor (3-9 Factor (3-9 elements (3-9 (3-9wt% (3-9wt% (3-9wt% 
wt% Mg0) wt% Mg0) wt% Mg0) wt% Mg0) MgO) MgO) MgO) MgO) wt% MgO) wt% MgO) wt% Mg0) wt% Mg0) MgO) MgO) MgO) 
Rb 3.0 2.2 1.9 2.4-3.0 67 54 48 63 7.1 3.1 2.8 3.2-3.9 86 68 64 
Zr 3.0 2.2 1.9 2.1-2.5 67 54 48 57 7.1 3.1 2.8 2.7-3.1 86 68 64 
Ta 3.0 2.2 1.9 2.9-3.3 67 54 48 68 7.1 3.1 2.8 4.0-4.4 86 68 64 
Pb 3.0 2.2 1.9 2.2-3.1 67 54 48 62 7.1 3.1 2.8 2.9-3.8 86 68 64 
Th 3.0 2.2 1.9 2.7-3.4 67 54 48 67 7.1 3.1 2.8 3.8-4.5 86 68 64 
u 3.0 2.2 1.9 3.6-4.5 67 54 48 76 7.1 3.1 2.8 5. 1-6.0 86 68 64 
Average % i 
Crystallisation 
assuming I 
o..," ....o (6-9 
wt% Mg0) 
57 
50 
62 
55 
62 
70 
Average % 
Crystallisation 
assuming 
0 .,1, ....() (3-9 
wt% Mg0) 
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5.3.3 Platinum Group Elements (PGE) 
The platinum group elements (PGE) consist of the Ir-group, (Os, Ir and Ru) and the Pd-group, 
(Rh, Pt and Pd). Platinum group elements are useful indicators of sulphide saturation in a melt 
as they strongly fractionate into immiscible sulphide phases, and extreme depletions in basaltic 
magmas may reflect chalcophile element segregation, e.g. Ni and Cu. 
World class nickel deposits are known to be associated with continental flood basalt provinces, 
including the well known Noril'sk deposit, associated with the Siberian Trap lavas. In this case, 
siliceous crustal contamination of a mantle-derived melt is believed to have caused separation 
and settling of an immiscible sulphide phase, in the lower levels of the magma chamber and in 
feeder conduits, Naldrett, (1992). This depleted the magmas in chalcophile elements. A dense 
Ni, Cu and PGE-rich sulphide layer formed at the base of the magma chamber. 
Twenty-five Kalkarinji samples were selected for PGE analysis, (Ru, Rh, Pd, Ir, Pt and Au). 
The samples were analysed by the ICP-MS at GEO LABS Geoscience Laboratories, Ontario, 
Canada by nickel sulphide collection fire assay. NiS beads were prepared by NiS fusion, then 
dissolved toproduce a solution ready for analysis by ICP-MS. The results are presented in 
Table 5.2. 
Most PGE concentrations are below the detection limit. Overall, the Kalkarinji basalts show 
fractionated PGE patterns with high Pt, Pd and low Ir, which could imply sulphide segregation 
at some early stage in their genesis. However, PGE concentrations in Mid Ocean Ridge Basalts 
(MORB) and Oceanic Island Basalts (OIB) are also low because the mantle source has retained 
sulphide, Bennett et al. (2000). Samples PL067 and KBOOl show considerably higher Pt than 
the other samples. In addition, Ru values are high for samples from the Pumululu stratigraphic 
section. 
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Table 5.2: PGE (ppb) MgO and Ni data for selected Kalkarinji basalts and dolerites. 
Sample Pt (ppb) MgO Ni 
wt% (ppm) Ru (ppb) Rh (ppb) Pd (ppb) lr (ppb) Au(ppb) 
AR038 
WL033 
WL033 R 
AR002 
WL043 
PL040 
VROIO 
AR021 
PL038 
PL030 
HS002 
PL033 
VROOI 
PL063 
KBOOl 
GD012 
MROOl 
ND004 
GD028 
GD018 
PL043 
PL053 
PL052 
PLOSS 
PP004 
PL067 
8.83 142 <0.116 <0.0140 
8.54 118 0.320 ± 0. 13 <0.0380 
8.54 118 <0.118 <0.0320 
8.52 110 <0.091 <0.0380 
8.44 120 0.420 ± 0.21 <0.0390 
8 3.400 ± 0.38 <0.0023 
67 <0.130 <0.0800 
110 <0.163 <0.0450 
48 4.340 ± 0.42 <0.0040 
43 3.810 ± 0.37 <0.0030 
<0. 157 <0.041 
0 . 788 ± 0.08 <0.04 7 
0 .810 ± 0.09 <0.046 
0.956 ± 0.09 <0.081 
0.729 ± 0.09 <0.046 
<0.083 <0.001 
<0.100 <0.040 
1.045 ± 0.09 <0.086 
<0.028 
<0.034 
8.03 
7.85 
7.66 
7.43 
7.32 
7 .08 
6.97 
6.89 
6.70 
6.53 
6.36 
5.93 
5.73 
5.60 
5.60 
5.53 
5.38 
5.26 
5.00 
4.55 
4.24 
48 
45 
98 
60 
98 
<0.025 <0.0028 <0.049 
<0.001 
<0.006 
<0.016 
<0.040 <0. 130 <0.0800 0.206 
0.172 ± 0.08 0.0860 ± 0.02 1.070 
3.550 ± 0.39 <0.0039 
0.170 0.1510 
<0.074 
3.230 
54 <0.130 0.0810 0.338 
108 <0.130 <0.0800 
54 0.300 ± 0. 15 <0.0300 
34 0.290 ± 0. 15 <0.0009 
56 <0.130 <0.0800 
3 8 <0.130 <0 .0800 
36 3.960 ± 0.47 <0.0370 
3 5 <0.130 <0.0800 
30 4.200 ± 0.51 <0.0070 
30 
14 
<0 .015 <0.0006 
<0 .020 <0.0020 
<0.100 
<0.282 
<0.043 
0.360 
<0.100 
<0.062 
<0.100 
<0.157 
<0.026 
<0.038 
± 0.1 <0.123 
<0.038 
0.101 
0.072 
<0.040 
<0.046 
<0.016 
<0.040 
0 .047 
<0.087 
<0.040 
<0.033 
<0.015 
<0.009 
0.505 ± 0.07 <0.760 
1.400 ± 0.13 <0.900 
1.310 ± 0.12 <0.990 
1.250 ± 0. 11 < 1.050 
1.390 ±0.11 <0.770 
<0.085 <0.290 
<0.140 <0 .610 
1.690 ± 0.12 < 1.070 
<0.223 
<0.213 
<0.218 
<0.274 
<0.431 
<0.460 
<0.140 <0.610 
2.290 ± 0.19 <0 .920 
<0.250 
4.720 
1.820 
0.163 
0.969 
< 0.108 
0.171 
< 0.140 
<0.224 
<0. 140 
<0.073 
<0.507 
2.610 
0.900 
1.000 
± 0.1 <0.790 
<0.472 
0.670 
1.080 
<0 .548 
0.760 
<0 .398 
<0. 109 <0.185 
6.370 ± 0.39 <0.209 
WPR-1 
TDB-1 
Procedural Blank 
19 .8 
0.64 
0.04 
± 1.7 13.21 ± 1 212 
19.7 
0.02 
± 11 15.19 ± 0.8 251 ± 13 36.4 
Reference Material Data (Otober, 20 
WPR-1 Mean ±2s 21.2 
Reference : 2 2 
TDB-1 Mean ±2s 0.37 
Reference: 0.3 
Notes 
± 0.26 0.445 ± 0.05 
± 0.04 0.00 ± 0.01 
±7.4 13.1 ±2.3 220 
± 4 13.4 ± 0.9 235 
± 0.28 0.49 ± 0.21 21.2 
0.7 22.4 
± 1.1 <0.077 4.43 ± 0.29 5.94 
± 0.02 0.00 ± 0.01 0.12 ± 0.04 0 .25 
± 40 
±9 
± 5.1 
± 1.4 
15 .3 
13.5 
0.11 
0.15 
± 2.1 263 
± 2 285 
± 0.2 4.9 
5.8 
± 43 
± 12 
± 2.2 
± 1.1 
39 
42 
6 . 1 
6.3 
± 2.5 
± 0.47 
± 0.05 
± 13 
±3 
± 2.3 
± 1 
Blank (ppb equivalent 
in 15g sample)± 3o 0.08 ± 0.09 0.01 ± 0.04 0.23 ± 0.45 0.02 ± 0. 18 0.08 ± 0.29 0.37 ± 1.34 
L.o.D. (Average Blank 
+ 3 S.d.) 0.17 0.05 0.68 0 .20 0.37 1.71 
Figure 5.9 shows Pt versus Pd and Pt versus MgO wt% for the Kalkarinji basalts and dolerites. 
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Figure 5.9: Pt versus Pd and Pt versus MgO wt% for Kalkarinji basalts and dolerites. 
8 9 10 
There is no apparent control ofPt by MgO wt%. PGE data are also shown in Figure 5.10 where 
Kalkarinj i and MORB PGE, Au and Cu data are normalised to primitive mantle compositions, 
McDonough & Sun (1995). The Kalkarinji PGE data overlaps that ofMORB. 
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Figure 5.10: Primitive mantle normalised plot showing the distribution patterns of PGE elements, 
Au and Cu for the Kalkarinji basalts and Mid Ocean Ridge Basalt (MORB). 
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5.3.4 Chondrite-Normalised REE & Primitive Mantle-Normalised Trace Element 
Diagrams 
5.3.4.1 Chondrite Normalised REE Diagrams 
The LREE for the Kalkarinji basalts are significantly enriched relative to the middle and heavy 
REE, with LaN/LuN = 4.5 . Figure 5.9 shows a chondrite normalised REE plot for average 
Kalkarinji basalt, average north Australian felsic crust, OIB (Oceanic Island Basalt), NMORB 
(Normal Mid Ocean Ridge Basalt) and primitive mantle shown for comparison. 
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Figure 5.11: Chondrite-normalised REE diagram for average Kalkarinji basalt, average north 
Australian felsic crust, OIB, NMORB and Primitive mantle. Data for average north Australian 
felsic crust from a 15% trimmed mean of -3000 analyses from Geoscience Australia's OZCHEM 
database, Om, NMORB and primitive mantle compositions from Sun & McDonough, 1989. 
It is evident from this diagram that simple fractionation of an NMORB or primitive mantle 
source alone could not explain the enriched LREE in the Kalkarinji basalts and dolerites. 
Although OIB is remarkably LREE enriched, it lacks the negative Eu anomaly characteristic of 
the Kalkarinji province and has a lower HREE abundance. 
From MELTS and Petrolog modelling (this Chapter), the most primitive Kalkarinji basalt, 
AR038 (~9 wt% MgO) doesn't have plagioclase on the liquidus, yet displays a Eu anomaly and 
may indicate contamination by continental crust. However, this will be evaluated in a later 
chapter. 
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5.3.4.2 Primitive Mantle -normalised Diagrams 
Primitive Mantle-Normalised trace element diagrams are often referred to as "spider diagrams". 
Trace element and REE data are typically referenced (normalised) against primitive mantle or 
carbonaceous chondrite values, e.g. McDonough & Sun (1995). 
For primitive mantle-normalised diagrams, the elements are arranged in an inferred order of 
compatibility (for peridotite partial melting) increasing to the right. Relative to primitive mantle 
(Figure 5.12) the Kalkarinji basalts show marked LREE enrichment, with elevated Rb, Th ( ~30 
times) and Ba (~12 times). The basalts exhibit characteristic depletion in HFSE (Ti, Nb, Ta and 
P) relative to the incompatible elements (K, Rb, Ba, Th and the LREE), a feature which is 
shared with other Low-Ti flood basalt provinces, e.g. the Ferrar dolerites, Hergt et al., (1991) 
Low-Ti Parana, Gibson et al., (1995) and Deccan tholeiites, Lightfoot et al., (1990). 
CsRbBaTh U KTaNbLaCeSr P NdHfZrSmTiDy YYbSc V 
Figure 5.12. Primitive-mantle-normalised element abundance diagram (normalising values from 
McDonough & Sun (1995)) and MORB-normalised element abundance diagram (normalising 
values from Pearce (1982, 1983)). The shaded area represents the range between the most primitive 
and fractionated Kalkarinji basalt. 
A major feature of the Kalkarinji basalts is that the geochemical signature is essentially 
invariant across the entire geographical province, suggesting a common parentage. This is 
illustrated in Figures 5.13 where the distal Antrim basalt correlatives (Nutwood Downs, Helen 
Springs and Peter Piker Volcanics - see Figure 2.1) are shown to be geochemically identical to 
the Antrim basalts proper. 
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Figure 5.13: Primitive-mantle-normalised element abundance diagram (normalising values from 
McDonough & Sun (1995)). The shaded area represents the range between the most primitive and 
fractionated Kalkarinji basalt. Helen Springs, Nutwood Downs and Peaker Piker Volcanics are 
plotted for comparison. 
Constant trace element ratios e.g. Rb/Ba, Ba/Th, and P/Nd reinforces the view that these rocks 
from geographically different regions of northern Australia, are genetically related. In addition, 
the Boondawari dolerite from the Savory Basin and the Table Hill Volcanics from the Officer 
Basin are compared to the Kalkarinji province in Figure 5.14. It is possible that these tholeiites 
are also part of the Kalkarinji province. 
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Figure 5.14: Primitive-mantle-normalised element abundance diagram (normalising values from 
McDonough & Sun (1995)). The shaded area represents the range between the most primitive and 
fractionated Kalkarinji basalt. The Boondawari dolerite from the Savory Basin and the Table Hill 
Volcanics from the Officer Basin are plotted for comparison. 
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In Chapter 3, laser-ablation-ICPMS data for a chromian spinel melt inclusion was presented, 
Table 3.8. Figure 5.15 is a primitive-mantle normalised plot showing laser-ablation-ICPMS 
data compared to the spread ofKalkarinji basalts. 
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Figure 5.15: Primitive-mantle-normalised element abundance diagram (normalising values from 
McDonough & Sun (1995)). The shaded area represents the range between the most primitive and 
fractionated Kalkarinji basalt. Melt inclusion compositional data from chromian spinel sample 
AN755 are plotted for comparison. 
The melt inclusion has a distinctive trace element signature that is identical to that of the 
Kalkarinji basalts. The remarkable similarity proves that so-called "Antrim-style" chromites 
collected by diamond explorationists from streams draining the Kalkarinji basalts crystallised 
from Kalkarinji magmas. The melt inclusions have 11 to 13 wt% MgO and are more magnesian 
than the most primitive Kalkarinji basalt found to date (AR038 - ~9wt% MgO). This suggests 
that more primitive basalts or picrites may be present in the Kalkarinji stratigraphy but are not 
yet recognied or that the chromites are xenocrysts in less magnesian basalts that perhaps 
sampled cumulates en route to the surface. Because the Kalkarinji geochemical signature is 
recognised in primitive melt inclusions, the signature clearly had to have been acquired at an 
early stage in the genesis of the basalts. 
5.4 STRATIGRAPHIC GEOCHEMICAL VARIATION 
5.4.1 Introduction 
The Kalkarinji basalts are demonstrated to be geochemically indistinguishable across the entire 
province, but it is also important to establish whether there is temporal geochemical variation. 
To explore this, multiple samples were collected from two stratigraphic sections in the 
Kimberley Region, Western Australia and also from drill core from the eastern Northern 
Territory. 
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5.4.2 Purnululu section 
5.4.2.1 Major Element Variation 
Nineteen rock samples from the ~800m Pumululu section were analysed for major elements by 
XRF. Figure 5.16 documents Mg# and Si02 plotted against stratigraphic height. 
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Figure 5.16: Stratigraphic Variation for mg# and Si02 for Purnululu Section. mg# 
molar[100*Mgi(Mg+Fe2)] calculated with 15% total Fe as Fe3+. 
The location of the sample numbers correspond to the stratigraphic height from which these 
samples were taken. The most striking observation is seen with Mg#, where the first six samples 
at the base of the sequence are the most primitive, peaking at PL040. PL040 is an extremely 
coarse-grained (albite and clinopyroxene) slightly altered rock unlike any of the other Kalkarinji 
basalts seen elsewhere and may represent a sill rather than a flow. The alteration signature is 
reflected by a slight decrease in Si02. Between ~200m to ~540m, the basalts become more 
evolved. At ~550m there is a change again to a more primitive composition, perhaps 
representing a new magmatic pulse into the magma chamber shortly before extrusion. The 
basalts again appear to have fractionated as Mg# decreases substantially towards the top of the 
sequence, before becoming slightly more magnesian again. There is little variation in Si02 
throughout the stratigraphic sequence. 
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Figure 5.17 is a major oxide variation plot up the Pumululu section. 
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Figure 5.17: Major Elemental Oxide Variation for the Purnululu stratigraphic sequence. 
Again, the first major change is at PL040. Although the trends are subtle, CaO and MgO 
decrease throughout the stratigraphic column, accompanied by slight increase in FeOt. 
5.4.2.2 Trace Element Variation 
Figure 5.18 illustrates trace element variation associated with the Kalkarinji basalts for the 
Pumululu stratigraphic section. There is some mobility of trace elements for the coarse-grained 
rock PL040, but overall, there is minimal trace element variation for the entire sequence. 
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Figure 5.18: Trace Element Variation for the Purnululu stratigraphic sequence. 
5.4.2.3 Trace Element Ratio Variation 
Ratios sensitive to crustal contamination (Nb/U, Rb/Ba, Nb!fa and Th!U) are plotted in Figures 
5.19 and 5.20. 
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Figure 5.19: Trace Element ratio variation Ba/Rb, Nb!U, Nb!fa for the Purnululu stratigraphic 
sequence. 
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Figure 5.20: Th/U variation for the Purnululu stratigraphic sequence. 
9 10 
For OIB and MORB, the average Nb/U ratio is ~47, in contrast to crustal compositions of ~10 
(Hofman, 1997). For the Pumululu section, the Nb/U ratio for the first formed magma is ~10, 
emphasising the U enrichment mentioned previously. Thorium/U ratios also clearly decrease 
with stratigraphic height. Average crustal ratios for Ba/Rb and Nb/U based on Post Archaean 
Australian Shale values (PAAS, Taylor & McLennan (1985)) are also shown. With increasing 
height in the stratigraphic column, the values for all three ratios decrease and even fall to values 
lower than the PAAS values. This tends to suggest a role for increasing degrees of crustal 
contamination up the column. Figure 5.21 shows the three ratios plotted against MgO wt% for 
all of the Kalkarinji Plateau basalts. 
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Figure 5.21: Trace Element ratios plotted against MgO wt%. 
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For all three ratios, there is a slight decrease with MgO, so it is difficult to discern whether these 
decreases are due solely to fractional crystallisation or whether combined crustal assimiliation 
and fractional crystallisation (AFC) processes are involved. 
5.4.3 Gordon Downs section 
5.4.3.1 Major Element Variation 
As shown in Figures 5.22 and 5.23, there is little variation in the major elements with the 
exception of Mg#, which is very low for the sample at the top of the sequence. This sample is 
one of the most fractionated of all the Kalkarinji basalts (MgO = ~ 3 wt%) sampled. 
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Figure 5.22: Major Elemental Oxide variation for the Gordon Downs stratigraphic sequence. 
Height 
(m) £ Limestone 
GDoo3 
GDoo8 
_ GD009 
.§. 
E GD010 
"' ~ GD011 
~ GD015 
g- GD012 
c. . 
~ ;;, 
GD018 
h h 
so-,.'",., 
h 
h h 
GD024 h 
GD028 -0~. 30 35 40 45 50 55 60 65 70 
f""1 massive basalt oo o · 1 basalt ~ vestcu ar _...._ si0
2 
_...._ mg#. 15 
0 porphyrtic basalt vt..v brecciated basalt 
Figure 5.23: Si02 and mg#.15 variation for the Gordon Downs stratigraphic sequence. mg# 
molar[100*Mg/(Mg+Fe2')] calculated with 15% total Fe as Fe3+. 
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5.4.3.2 Trace Element Variation 
Figure 5.24 shows trace element variation for the Gordon Downs Section. There is negligible 
geochemical variation throughout the section, with the exception of a noticable increase in trace 
and REE near the top of the sequence. This is mirrored by a marked decrease in Cr and Ni, 
which corresponds to the rapid decrease in Mg# at this point. The most striking feature 
throughout the ~550m section, is the lack of heterogeneity and geochemical contrast, with the 
exception of sample GD003. 
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Figure 5.24: Trace Element variation for the Gordon Downs stratigraphic sequence. 
5.4.4 Summary 
For both of the studied sections in the east Kimberley region, there is negligible geochemical 
variation throughout the stratigraphic column. However, Nb/U clearly decreases up the 
stratigraphic column indicating a temporal change in magma composition for these elements 
over the eruptive interval, although it is likely that U is the main element involved. For the 
entire duration of volcanism, the geochemical composition of the magma for other trace 
elements remained essentially homogeneous. 
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5.5 CONCLUSIONS 
The Kalkarinji basalts are geochemically similar to other Low-Ti continental tholeiites. They 
are characterised by high Si02 and low Ti02, Fe01and P20 5• The basalts exhibit characteristic 
depletion in HFSE (Ti, Nb, Ta and P) relative to the incompatible elements (K, Rb, Ba, Th and 
the LREE), a feature which is shared with other Low-Ti flood basalt provinces world-wide, e.g. 
the Ferrar dolerites, Hergt et al., (1991) Low-Ti Parana, Gibson et al., (1995) and Deccan 
tholeiites, Lightfoot et al., (1990). Relative to primitive mantle the Kalkarinji basalts show 
marked LREE enrichment, with elevated Rb, Th (~30 times) and Ba (~12 times). A major 
feature of the Kalkarinji basalts is that, when corrected for fractionation, the geochemical 
signature is essentially invariant across the entire geographical province, suggesting a common 
parentage. 
Over the range of ~9 to 3 wt% MgO, fractionation-alone appears to account for the distribution 
of major elemental oxides and trace elements. This is demonstrated in earlier Harker diagrams, 
where excellent correlation are observed. While it appears that fractionation-alone can account 
for the observed trends, increasing trace element ratios Ba/Rb, Nb/U and Th/U up the 
stratigraphic column suggest minor involvement of high-level crustal contamination processes. 
Because fractionation-alone can explain the trends for various trace elements shown in the 
Harker diagrams (except for U), the main enrichment process must have occurred when the 
basalts were more primitive, >9 wt% MgO or the source was enriched previously. This view is 
supported by melt inclusion data from chromites. However, this topic will be evaluated fully in 
subsequent chapters. 
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CHAPTER 6: STRONTIUM, NEODYMIUM AND OXYGEN 
ISOTOPE GEOCHEMISTRY 
6.1 INTRODUCTION 
As demonstrated in the previous chapter, at least two source components are required to explain 
Kalkarinji basalt and dolerite compositions. In addition, despite the large geographical extent 
( ~ 1700km by 900km) the major and trace element compositions of the basalts are 
indistinguishable across the entire province. Whether the geochemical compositional 
homogeneity reflects source enrichment prior to the main magmatic event, geochemical 
modification of mantle melts by the addition of for example, easily fusible, low-degree partial 
melts of lamprophyric composition in the lithospheric mantle or wholesale incorporation of 
continental crust needs to be resolved. 
The use of radiogenic and stable isotopes provides an important means of determining which 
processes were responsible for the basalts acquiring more crustal-like chemical signatures. 
Initial radiogenic isotope ratios for a magma reflect the sources from which it was extracted and 
do not change during processes involving crystal-liquid equilibria, as for example, crystal 
fractionation. Therefore the initial isotopic compositions of the magma will be the same as the 
sources from which they were derived. However, if a mantle-derived magma has been 
contaminated for example, by assimilation of ancient continental crust, the isotopic signatures 
would be modified. As the different radiogenic e.g. Sr and Nd isotopic compositions and stable 
isotopic signatures e.g. ~ 180 result from different processes, the combined use of radiogenic and 
stable isotopes provides a powerful means for distinguishing source enrichment or assimilation 
of continental crust. 
The north Australian basement is dominated by Palaeoproterozoic sedimentary and igneous 
suites, although small areas of Archaean rocks are exposed, as for example in the Pine Creek 
Inlier. However, Archaean terrains are volumetrically insignificant. Even though there is 
temporal homogeneity of the basement across the province, regional variability in Sr and Nd 
isotopic compositions do exist. From Geoscience Australia's radiogenic isotopic database, 
Proterozoic felsic crustal compositions vary between 0.708 to 4.850 for 87Sr/86Sr and ENct 
between -28 to -2. Geographically correlated variations in radiogenic and stable isotopic 
compositions might indicate assimilation of local continental crust of differing compositions. 
However, assimilation of bulk continental crust may subsequently be well mixed in a magma 
chamber prior to significant fractionation. A third possibility is that both processes were 
operative, that is an enriched mantle source may be accompanied by assimilation of continental 
crust. 
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To investigate these possibilities, representative samples of Kalkarinji basalts were selected for 
Rb-Sr and Sm-Nd and 0180 isotopic analyses (Figure 6.1). 
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Figure 6.1: Schematic map indicating sample sites of Kalkarinji basalts for radiogenic and 
stable isotope analyses. 
Samples were chosen to explore isotopic variation across the geographical extent of the 
province and temporal variation through the use of multiple samples from a single stratigraphic 
sequence. 
6.2 RADIOGENIC NEODYMIUM & STRONTIUM ISOTOPE COMPOSITIONS 
6.2.1 Introduction 
Even the most pristine basalt samples show some evidence of diagenesis in the form of low 
temperature phases. Thus to eliminate the effects of alteration for Rb-Sr and Sm-Nd analyses, 
acid-washed clinopyroxene separates were analysed for all samples. The methods are described 
in detail in Appendix V. Rb, Sr, Sm and Nd concentrations were determined by isotope dilution 
methods, and measurements were performed on a Finnigan MAT-261 multiple collector mass 
spectrometer (Appendix V). All isotopic compositions obtained for the Kalkarinji basalts have 
been age-corrected to 508 Ma, the inferred eruption age of the basalts. 
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The first batch of samples were leached in cold 2.5N HCl, however, in some cases spurious high 
Sr concentrations indicated the possible presence of additional phases. The second leaching 
process involved the use of a stronger acid, hot 6N HCI. This proved to be effective in 
dissolving unwanted Sr-rich or grain boundary phases as the measured Sr concentrations were 
considerably lowered and the initial 87 Sr/86Sr compositions reproduced well. 
6.2.2 Neodymium Isotope Compositions 
Samarium and Neodymium are middle-REB and are moderately incompatible during mantle 
melting. Relative to Sm, Nd is concentrated in the melt, such that crustal rocks are 
characterised by low Sm/Nd compared with mantle compositions. The radiogenic parent 
nuclide 147Sm alpha decays to the stable daughter nuclide 143Nd with a half-life of 106 x1 09 
years such that: 
143 Nd ( 143 Nd) 147 Sm ( At ) ~ = ~ +~ e -1 
Ndtoday Nd initial Nd 
(1) 
where A. is the decay constant, (6.54 x10-12 year-') t =time and 144Nd is the un-radiogenic 
reference isotope e.g. Dicken (1997). Alternatively, isotopic data can be presented using 
Epsilon notation for Nd, (ENd) developed by DePaolo & Wasserburg (1979) where 
[ 
( 143 Nd /144 Nd) l 
/ = initial _1 * 104 
Nd ( 143 Nd/144 Nd\ 
\ J CHUR(t) 
(2) 
t = time and CHUR (Chondritic Uniform Reservoir) represents the composition of the 
primordial solar nebula as determined from chondri tic meteorites which equals that of the bulk 
Earth. Epsilon notation is useful for comparisons with other Nd isotopic data for other 
continental flood basalts. 
143Nd/144Nd isotopic compositions and Sm and Nd concentration data were collected for twenty-
three samples across the province, including two dolerite dykes (feeder dykes for the Kalkarinji 
basalts from the Kimberley region of Western Australia). Initial 143Nd/144Nd values (age 
corrected to the inferred eruption age for the province, T=508 Ma, based on 40 ArP9 Ar data 
presented in Chapter 4) vary between ~.5118 and .5115 (Table 6.1) but cluster between ~.5117 
and .5118. 
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Table 6.1: Sm and Nd concentrations, 143Nd/144Nd and ENd clinopyroxene separates from Kalkarinji 
basalt and dolerite samples age corrected for T = 508 Ma 
Sample Lithology Sm (ppm) Nd (ppm) I 4 7SmJI44N d 143Nd/14~d (measured) 143Nd/144Nd (initial) E Nd(T ~ 508 Ma) 
MROOI dolerite 5.969 25 .075 0.1439 0.512013 (7) 0.51149 -9.6 
PP004-2 basalt 1.532 4.262 0.2174 0.512367 (6) 0.51160 -7.5 
KB001 dolerite 2.381 8.309 0.1733 0.5 12252 (7) 0.51163 -6.8 
PP004-1 basalt 2.673 7.882 0.2050 0.512367 (6) 0.51165 -6.6 
PL068 basalt 3.011 10.446 0.1743 0.512325 (8) 0.51170 -5.5 
GD024 basalt 3.812 12.475 0.1848 0.512417 (7) 0.51176 -4.4 
PL053 basalt 8.742 29.324 0.1802 0.512411 (7) 0.51177 -4.2 
HS002 basalt 1.301 3.499 0.2248 0.512565 (7) 0.51178 -4.1 
GD025 basalt 4.155 13.653 0.1840 0.512433 (7) 0.51178 -4.0 
ND004 basalt 0.980 2.826 0.2097 0.512521 (7) 0.51178 -4.0 
GD015 basalt 2.846 9.332 0.1844 0.512437 (7) 0.51178 -4.0 
WH001 basalt 3.987 13.824 0.1744 0.512404 (8) 0.51178 -3.9 
GD010 basalt 3.214 10.768 0.1805 0.512429 (8) 0.51179 -3.9 
AR038-1 basalt 1.371 4.332 0.1914 0.512465 (10) 0.51179 -3.9 
PL051 basalt 2.506 8.134 0.1863 0.512450 (9) 0.51179 -3.8 
PL038 basalt 3.880 13.893 0.1689 0.512392 (7) 0.51179 -3.8 
PL067 basalt 4.098 13.630 0.1817 0.512437 (9) 0.51179 -3.8 
AR038-2 basalt 1.180 3.517 0.2028 0.512509 (12) 0.51179 -3.7 
PL040 basalt 1.728 5.300 0.1971 0.512493 (8) 0.51180 -3 .7 
PL030 basalt 3.687 12.290 0.1814 0.512454 (8) 0.51181 -3.4 
PL063 basalt 2.689 9.338 0.1741 0.512438 (9) 0.51182 -3.3 
PL058 basalt 2.928 10.256 0.1726 0.512443 (7) 0.51183 -3.1 
GD028 basalt 1.208 3.703 0.1972 0.51253 (7) 0.51183 -3.0 
WL043 basalt 1.602 5.214 0.1857 o.5125o6 Fl 0.51185 -2 .7 
Nd isotopic analyses are corrected for fractionation to 146Nd/144Nd =0.72190. Measured 143Nd/144Nd compositions are corrected 
on the basis of long term replicate measurements of La Jolla, BCR-1 and in house standard Nd-1 such that BCR-1 yields a value of 
0.512638. ENd values are calculated at 508 Ma using chondritic reservoir (CHUR) parameters of 1 43Nd/14~d = 0.512638 and 
147Sm/144Nd = 0.1967. Numbers in parenthesis indicate errors (2a). 
ENd(t) values vary from -2.7 to -9.6, with 19 out of 23 in a narrow range between -3.0 and -4.5. 
Compared to depleted MORB mantle (DMM), these values are unradiogenic, (DMM = +9, at T 
= 508 Ma) indicating a time-integrated enrichment in Nd relative to Sm for the basalt source. 
The three samples that show the lowest ENd values (-9.6, -7.5 and -6.8) include the two dolerite 
dykes, MB001 and KB001, and also a basalt from the most eastern part of the Kalkarinji 
province, PP004, which is geographically the most removed from the others ~ 1000 km to the 
west. 
Neodymium (ppm) concentrations in the clinopyroxene separates range from 2.8 to 29, with a 
mean of ~10 ppm and Sm concentrations range from 0.9 to 8.7 with a mean of 2.9 ppm. 
147Sm/144Nd ratios range from 0.144 to 0.225, however the lower value is clearly different to the 
other samples, which cluster between 0.168 to 0.225. 
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6.2.3 Sr Isotope Compositions 
The radiogenic parent nuclide 87Rb decays to the stable daughter nuclide 87 Sr by beta emission 
and is represented by the equation: 
(3) 
where the decay constant f..= 1.42 *10-u year·1and tis the age in years. In contrast to Sm and 
Nd, with increasing magmatic fractionation the ratio of Rb/Sr increases, as Rb preferentially 
partitions into the melt (Wilson, 1989). This results in upper continental crust and sediments 
characterised by high Rb/Sr ratios. Therefore ancient continental crust is characterised by very 
d. . s18 1s6s ra wgemc r rtoday· 
Age corrected (T=508 Ma) 87Sr/86Sr values for the Kalkarinji basalts are presented in Table 6.2. 
Table 6.2 : Rb and Sr concentrations, 87Srf!6Sr and Esr for clinopyroxene separates from Kalkarinji 
basalt and dolerite samples age corrected forT= 508 Ma 
Sample Lithology Rb (ppm) Sr (ppm) &7R!JII6 Sr 
87Srf8 6Sr 87Srf86Sr (initial ) es, (T - sos Mol (measured) 
MR001 dolerite 7.734 22.019 1.0189 0.730273 (13) 0.72290 269.9 
PP004-2 basalt 4.351 19.020 0.6627 0.715471 (14) 0.71127 104.7 
KB001 dolerite 2.844 10.838 0.7603 0.716699 (13) 0.71120 103.6 
PP004-1 basalt 12.697 47.816 0.7693 0.716070 (11) 0.71122 103.9 
PL068 basalt 30.529 107.504 0.8225 0.714844 (11) 0.70889 70.9 
GD024 basalt 30.814 83.033 1.0750 0.715784 (13) 0.70800 58.3 
PL053 basalt 33.885 63.622 1.5435 0.720220 (12) 0.70905 73.1 
HS002 basalt 1.007 8.307 0.3508 0.711183 (14) 0.70864 67.4 
GD025 basalt 56.557 99.154 1.6530 0.719912 (11) 0.70795 57.5 
ND004 basalt 16.117 64.636 0.7220 0.714112 (13) 0.70889 70.8 
GD015 basalt 42.193 125.404 0.9746 0.715371 (10) 0.70832 62.7 
WH001 basalt 91.750 104.968 2.5347 0.726655 (11) 0.70831 62.6 
GD010 basalt 41.641 114.678 1.0519 0.716391 (15) 0.70878 69.3 
AR038-1 basalt 21.410 83.692 0.7408 0.712773 (12) 0.70741 49.8 
PL051 basalt 21.923 46.945 1.3532 0.719283 (13) 0.70949 79.3 
PL038 basalt 44.906 149.945 0.8674 0.714335 (11) 0.70806 59.0 
PL067 basalt 58.024 62.671 2.6847 0.726345 (13) 0.70691 42.7 
AR038-2 basalt 18.935 56.282 0.9745 0.714812 (12) 0.70776 54.8 
PL040 basalt 13.764 102.081 0.3905 0.712293 (12) 0.70947 79.1 
PL030 basalt 29.255 104.477 0.8110 0.714492 (12) 0.70862 67.0 
PL063 basalt 37.241 107.777 1.0009 0.715068 (12) 0.70782 55.7 
PL058 basalt 32.330 114.440 0.8182 0.714359 (10) 0.70844 64.4 
GD028 basalt 12.821 60.042 0.6184 0.713608 (11) 0.70913 74.3 
WL043 basalt 21.033 99.099 0.6146 0.712387 (13) 0.70794 57.3 
PP004-3 basalt 10.926 52.823 0.5992 0.715471 ~12l 0.71113 102.7 
Sr isotopic analyses are corrected for fractionation using 86Sr/88Sr = 0.1194. The average 8 7Srf8 6Sr obtained 
for NBS-987 was 0.710230 ±13 (n=19). e5, values are calculated at 508 Ma using chondritic reservoir 
(CHUR) parameters of 87Sr/86Sr = 0.7045 and 8 7RbfS 6Sr = 0.0827. 
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Rubidium (ppm) concentrations in the clinopyroxene separates range from 1 to ~300, with a 
mean of 92 ppm and Sr concentrations range from 8 to ~150 with a mean of 76 ppm. Initial 
87Sr/86Sr compositions vary between 0.707 to 0.723 with 20 out of 23 samples lying within a 
restricted range between 0.707 to 0.709. These values show isotopic enrichment relative to 
87Srl6Sr value (508 Ma) for DMM which is estimated to be 0.702 to 0.703, Sun & McDonough 
(1989). As expected, the most unradiogenic ENd samples also have the most radiogenic 87Srf6Sr 
values. This clearly indicates the involvement of an ancient, high Rb/Sr crustal component at 
some stage in the genesis of the basalts. 
6.2.4 Nd-Sr Isotopic Variation 
The results for the Nd and Sr isotopes are shown in Figure 6.2, where ENd is plotted against 
87Sr/86Sr. Two replicate samples are included. 
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Figure 6.2: Initial Nd vs Sr isotopic variation diagram for the Kalkarinji basalts (T=508 Ma). 
DMM =Cambrian Depleted MORB Mantle. CC =Proterozoic Continental Crust (a possible north 
Australian felsic crustal contaminant) the arrow indicating the direction of its isotopic composition. 
The inset shows the data on an expanded scale. 
In Figure 6.2, the majority of the Kalkarinji basalts plot within a restricted range in ENd and 
87Sr/86Sr. However, there is greater spread for 87Sr/86Sr than for ENd, and this may reflect more 
variability of Rb/Sr ratios in the continental crust, if assimilation of crustal material by a 
depleted mantle source is assumed, resulting in greater variation in 87Sr/86Sr. 
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The process that was responsible for the departure from depleted mantle compositions, resulted 
in remarkably uniform compositions, such that the majority of the basalts acquired their 
"crustal-like" signature from perhaps the one source. The exceptions are the single basalt 
sample and the two dolerite dykes, which require either a second enrichment process and/or a 
different source to account for their isotopic signatures. The dolerite with the most extreme 
"crustal-like" signature, MR001, contains enclaves of granitic material, indicating possible 
turbulent flow accompanied by bulk assimilation of continental crust within the conduit en route 
to the surface. This would imply that the dolerite assimilated a second component of crustal 
material, more likely additional Proterozoic basement crust. This process is possibly 
responsible for the other dolerite sample, KB001 and the basalt from the eastern Northern 
Territory, PP004, which also have a more enriched isotopic signature. As a check of 
reproducibility, the basalt sample, PP004 was analysed on three separate occasions using 
different strength leaching acids and was reproducible within error every time, thus ruling out 
analytical factors (Table 6.1 ). 
From Chapter 5, it is evident that the trace and major element signatures of the three isotopically 
deviant rocks are virtually identical to the rest of the Kalkarinji province. If the original starting 
magma had been contaminated by a previous enrichment event, then the trace element signature 
would be buffered, (with the exception of the dolerite dyke MR001, which has elevated U 
levels) and addition of later crustal material would have no effect on the geochemical signature. 
However, as shown in Figure 6.2, later enrichment processes involving additional crustal 
material, or crustal material of a different composition is readily observable for Nd and Sr 
isotope systematics. 
Within the province, isotope composition is not correlated with major element variability or 
with indices of fractionation as is shown in Figure 6.3, where the initial Sr isotopic composition 
is near constant over a range ofmolar[100*Mg/(Mg+Fe2+)] for Fe20 3/Fe0 = 0.15. 
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Figure 6.3: Initial 87Sr/86Sr (T=508 Ma) vs Mg# [= molar{100*Mgi(Mg+Fe2)}] . Symbols as for 
Figure 6.2. 
In addition, for the two isotopically enriched samples K.BOOl and PP004 which show markedly 
different Mg# values compared to each other, there is also little isotopic variation. The Mount 
Ramsay dolerite, MROOl has been left out for clarity. The lack of isotopic variation across the 
range of Mg# demonstrates a two stage process to account for both the isotopic and 
geochemical characteristics of the Kalkarinji basalts, with the isotopic compositions largely 
acquired before final magmatic differentiation. This will be considered quantitatively in 
Chapter 9. 
6.3 RADIOGENIC ISOTOPIC STRATIGRAPHIC VARIATION 
6.3.1 Purnululu and Gordon Downs Stratigraphic Sections 
6.3.1.1 ENd & 87Sri 6Sr Stratigraphic Variation 
Nine Kalkarinji basalt samples were selected to explore temporal variation for the Pumululu 
stratigraphic section. Figure 6.4 shows eNd(T) and 87Sd6Sr(T) plotted against stratigraphic 
height. 
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Figure 6.4: Stratigraphic height for an -800m section through the east Kimberley Kalkarinji 
Purnululu sequence versus ENd and 87Sr!'6Sr. The dashed lines represent ±0.5 epsilon units from the 
mean ENd value of -3.63. 
There is slight isotopic variation for the entire stratigraphic sequence for both ENd and 87Sri'6Sr. 
For the major part of the sequence, ENd variation of the basalts is only ±0.5 epsilon units, 
however, the sample at the top of the stratigraphic column is more unradiogenic, with ENd = -5.5. 
Lack of isotopic variation against stratigraphic height is also mirrored with 87 Sr/86Sr, where 
changes are minimal. In order to generate ENd values as unradiogenic as -5.5 as opposed to -3 to 
-4 for the majority of the samples, the magma for the sample at the top of the sequence must 
have assimilated more crust. This sample represents the final phase of volcanism and it is 
possible that depending on the process, this may be explained by lack of recharge material into 
the magma chamber. This would mean that the recharge/assimilation ratio would be lowered, 
allowing more crust to be digested. In addition, mixing between fractionated and primitive 
(recharge) magmas would be reduced. 
For the majority of the sequence, the above results argue that the basalts were derived from 
either a single homogeneous "enriched" reservoir or from a magma which assimilated 
continental crust, which was then well mixed in a magma chamber prior to eruption. 
Owing to the predominantly altered nature of the Gordon downs section, only four samples 
were suitable for clinopyroxene separation. Again, as reflected in the Pumululu section, there is 
minor stratigraphic variation for ENd and 87 Sr/86Sr over a ~400m interval, Figure 6.5. 
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Figure 6.5: Stratigraphic height for an -800m section through the east Kimberley Kalkarinji 
Gordon Downs sequence versus ENd and 87Sr/86Sr. The dashed lines represent ±0.5 epsilon units 
from the mean ENd value of -3. 78. 
6.3.2 Summary 
These results show that throughout the eruptive sequence, there is minor isotopic variation, 
except for a slightly more unradiogenic £Nct value for the uppermost sample in the stratigraphic 
sequence for the Pumululu section, which probably relates to cessation of magma recharge, 
allowing assimilation/recharge ratios to be increased (discussed in more detail in Chapter 9). In 
detail, the lower part of the Gordon Downs section has an unexpected correlation between Sr 
and Nd isotopic compositions with unradiogenic Sr corresponding to low eNd· The origin of this 
signature is not clear, it may represent some regional variation in the composition of the crustal 
component, although this is not apparent at a coarser scale (Figure 6.2). 
For the majority of the basalts, the above results indicate that the source magma must have been 
derived from the same mantle reservoir, and had either undergone an enrichment process prior 
to magma formation, or assimilated continental crust of similar composition at a time when the 
basalts were more primitive, which was then subsequently well-mixed prior to the eruptive 
event. Moreover, there is mimimal correlation with mg# or other geochemical indicators of 
crustal contamination, which might be expected if assimilation of crust was concurrent with 
fractional crystallisation. This will be fully evaluated in subsequent chapters. 
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6.4: STABLE OXYGEN ISOTOPE COMPOSITIONS 
6.4.1 Introduction 
Oxygen is the most abundant element on earth, and has three naturally occurring isotopes, 
(Hoefs, 1987). 
160 = 99.763% 
170 = 0.0375% 
180 = 0.1995% 
Owing to their greater abundance and larger mass difference, variations in the 180/160 ratio are 
generally considered for geological purposes (Hoefs, 1987). Oxygen isotopes are measured 
relative to a standard (SMOW = standard mean ocean water) expressed as a delta value and 
calculated as follows: 
(5) 
Unlike radiogenic isotopes where the isotopic composition reflects combined parent-daughter 
fractionation and age, oxygen isotopic variations largely reflect kinetic fractionation related to 
temperature and mass differences. Very high 0180 values (>+8) are generally attributed to low 
temperature fractionation i.e. in crustal environments. 
6.4.2 rPo Isotope Compositions 
Volcanic rocks are typically fine-grained, and thus are susceptible to low-temperature o180 
enrichment, e.g. hydrothermal alteration and weathering (Hoeffs, 1987). To eliminate possible 
effects of alteration, aliquots of the clinopyroxene separates previously separated for radiogenic 
isotope analysis, were used for oxygen isotope analysis. Owing to their high temperature of 
formation, the clinopyroxene 0180 compositions are estimated to be representative of the whole 
rock (pre-alteration) values to better than 1 %o. Twenty-five Kalkarinji samples were analysed 
through a conventional oxygen isotope line and measurements were performed on a Finnigan 
MAT 251 stable isotope mass spectrometer. 
Although the clinopyroxene separates for radiogenic isotope analyses were acid washed prior to 
analysis, for oxygen isotope measurements no preparatory cleaning process was used. Because 
the basalts are fine-grained to aphanitic, it was often not possible to crush to a sufficiently small 
size to separate the pure individual phases prior to heavy mineral separation. As a consequence, 
some of the samples were mineral composites of clinopyroxene and feldspar in varying 
proportions. This meant that measured o180 values were isotopically heavier than expected for 
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a pure clinopyroxene composite (Table 6.2). One sample had traces of ilmenite, which resulted 
in a &180 value that was significantly lower than the others. 
In order to correct for non-purity, the mineral separates were fused into glasses in a high 
temperature furnace using the same technique as for whole rock basaltic glasses reported in 
Chapter 6. Major element oxide compositions were measured using the Cameca electron 
microprobe at the Research School of Earth Sciences, the Australian National University. By 
determining the percentage of Na20 and K20, it was possible to estimate the amount of K-
feldspar and plagioclase in the mineral separate. The data were converted to CIPW norms to 
determine proportions of all the phases present in the mineral separates. By subtracting the 
other phases, it was possible to correct back to the pure clinopyroxene component. 
Figure 6.6 shows% orthoclase derived by the above method plotted against the &180 measured 
values. The higher &180 values are associated with elevated % orthoclase. By extrapolating 
back to the y-axis by fitting a line through the data, the &180 values for the orthoclase samples 
would decrease significantly. 
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Figure 6.6: % orthoclase versus measured &180 mineral composite separate. 
Figure 6.7 shows the apparent "normative orthoclase" end-member o180 value determined from 
the data array. Plotted also are mixing lines for igneous pyroxene-k-feldspar pairs over a range 
of temperatures. 
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Figure 6.7: Apparent normative orthoclase versus measured 0180 mineral composite 
separate. Mixing lines for igneous pyroxene-k-feldspar pairs over a range of temperatures 
are plotted also. The insert shows the data on an expanded scale. 
The top line is a best fit through the data and yields a () 180 value of ~28. Mixing lines for 
igneous pyroxene-K-feldspar pairs are also shown over a range of temperatures. Using mineral 
pair coefficients from Matthews (1994) it is possible to substitute the appropriate 
clinopyroxene-feldspar A-factor into equation 6 to obtain ()180 values for individual phases in 
equilibrium with clinopyroxene. 
(6) 
where A is the mineral pair A-factor coefficient in equilibrium with clinopyroxene. They-axis 
intercept is -7.2%o and this is taken to represent the approximate average primary clinopyroxene 
o180 value. By adding the values calculated from equation 6 to 7.2%o, it is possible to 
determine the effects of orthoclase over a range of temperatures. It is clear from Figure 6. 7 that 
a low temperature overprinting event, i.e. secondary K-feldspar alteration is responsible for 
some of the elevated () 180 values. 
Using mineral pair coefficients from Matthews (1994) it was possible to substitute A-factors 
into equation 6 to obtain 0180 values for individual phases in equilibrium with clinopyroxene. 
Applying a correction factor (equation 7) to each measured 0180 value, it was possible to 
establish the true clinopyroxene () 180 value (0 180 -cpx-calc) and from this, determine the 6180 
values for other individual phases. From these values, it was possible to determine the 6180 
whole rock values for the Kalkarinji basalts. 
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Correction factor = - (QzJ100 * A-qtz-cpx)- (An/100 * A-plag-cpx)- (OrllOO * A-alk-cpx)-
(Ilm I 100 * A-ilm-cpx)- (Mgt/100 * A-mgt-cpx) (7) 
Where Qz is normative quartz, An is normative anorthite, Or is normative orthoclase and ilm is 
normative ilmenite. Knowing the modal proportion of each phase derived from the MELTS 
program (Ghiorso & Sack, 1995), it is possible to calculate the tJ 180 value for the whole rock. 
The presence of glass as an interstitial phase which could in effect produce higher &180 values, 
was only present in the highly fractionated sample WHOO 1. There was also an extra correction 
to compensate for low temperature K-feldspar using the equation: 
- (Orthoclase I 100 * ((1.81 *106)1(T = 3732))) (8) 
where temperature is in Kelvin. 
In addition to the impure clinopyroxene separates, four samples of feldspar were analysed. 
Handpicked individual feldspar grains from these four samples were used for Ar-Ar 
geochronology, however, for oxygen isotopes the grains were not handpicked. The results 
including corrected values are presented in Table 6.3. 
Table 6.3: 6180 values for the initial composite mineral separate, clinopyroxene, feldspar and 
recalculated whole rock samples. 
MgO 11"0 - mineral 11"0- 11"0-Sample composite cl inopyroxene 11"0 - whole . 2a 
wt% rock 800°C plagwclase 
separate pure feldspar 
WL043 8.44 9.0 8.4 8.5 0.1 
AR038 8.83 9.0 8.3 8.5 0.6 
LB011 4.62 8.8 8.1 8.3 4.2 0.3 
WH001 4.09 9.5 8.0 8.2 0.7 
PL067 4.24 9.0 8.0 8.2 0.4 
PL058 5.00 9.4 8.0 8.1 0.3 
PP004 4.55 8.5 7.9 8.1 0.1 
ND004 5.73 8.5 8.0 8.0 0.3 
PL068 6.09 9.0 8.0 7.9 0.3 
GD010 6.89 9.1 7.9 7.9 0.3 
GD028 5.60 8.6 7.6 7.7 0.4 
PL051 5.40 8.1 7.4 7.6 0.2 
PL063 6.70 8.4 7.6 7.6 0.1 
PL040 8.03 7.5 7.2 7.6 0.4 
PL038 7.43 8.3 7.3 7.4 0.2 
GD024 5.63 8.0 7.2 7.4 0.0 
PL053 5.38 8.0 7.2 7.3 0.1 
GD015 6.58 8.3 7.1 7.2 0.0 
ND012 6.29 7.2 7.0 7.0 0.1 
PL030 7.32 7.7 6.8 6.8 0.1 
HS002 7.08 6.8 6.6 6.7 7.4 0.1 
GD025 5.12 7.8 6.5 6.6 0.9 
KB001 6.53 6.5 6.4 6.6 0.1 
DR021 6.69 7.0 7.6 0.1 
KT001 5.55 8.3 0.1 
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It was not possible to correct for non-purity for sample DR021 , as the fused mineral separate 
glass twice yielded anomalous results when converted to CIPW norm. In addition, a o180 value 
for sample KTOOlwas not obtained. 
The o180 values for the Kalkarinji whole rock samples range from 6.6%o to 8.5%o. The feldspar 
o180 value for HS002 and DR021 is less than 1%o higher than the clinopyroxene sample (and 
mineral separate sample for DR021) implying that this is a magmatic feature and not due to 
subsolidus alteration. In contrast, the LBO 11 feldspar sample is markedly lower than the 
clinopyroxene o180 value, implying that at some stage, the feldspars underwent high 
temperature hydrothermal modification whereby the oxygen isotopic equilibrium was disturbed. 
It is only in high temperature environments where oxygen exchange is associated with meteoric 
water that the o180 values can be significantly reduced. Because this sample yielded a good Ar-
Ar plateau age for the province, it can be concluded that whatever process was responsible for 
the exchange of oxygen between the meteoric fluid and feldspar, did not affect the argon 
isotopic systematics. This sample is glomeroporphyrtic (large clusters of feldspar phenocrysts) 
and, in the field, is characterised by pronounced columnar jointing indicating slow cooling of 
the magmatic pile. Exchange of oxygen probably occurred as the magma was cooling 
The % purity was estimated by the percentage of normative diopside and hypersthene. 
Excluding three anomalous points, Figure 6.8, there is good negative correlation between o180 
and% purity, reinforcing the problem of another high o180 phase, K-feldspar. 
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Figure 6.8: o180%o versus % purity and MgO whole rock values at 800°C for Kalkarinji basalts 
and single dolerite sample. % purity is estimated by the percentage of normative diopside and 
hypersthene. The regression line was fitted through the bulk of the data excluding three anomalous 
points with low o180%o and % purity. 
There is little correlation between whole rock MgO wt% and o180 values in contrast to Figures 
6.6 and 6.7 where excellent correlation for orthoclase is observed. In agreement with Figure 6.3 
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where there is no correlation with 87 Sr/86Sr against indices of fractionation (Mg#), the same is 
evident for () 180. The lack of 6180 variation against MgO reinforces that whatever caused the 
enrichment must have occurred prior to significant crystal fractionation. 
In comparison to the typical mantle value of 5.7 ±0.3o/oo, the ()180 whole rock corrected values 
are extremely enriched. Typical continental granitic rocks have () 180 values between +6 to 
+9%o (James, 1981). In addition, O'Neil & Chappell (1977) reported 6180 values for S-type 
granites as high as ---+ 1 Oo/oo. Extensive reworking of weathered continental material, i.e. low-
temperature, near surface fractionation processes between water and minerals (e.g. <300°C, 
James, 1981, Taylor, 1980) results in enriched () 180 values for sedimentary and 
metasedimentary rocks, with pelitic and argillaceous sedimentary rocks typically yielding 6180 
values of-+ 15 to + 20o/oo (James, 1981 ). 
If the precursor magma had a ()180 value of 5.7 ±0.3o/oo, then there has been significant addition 
of crustal material to raise the () 180 by -3o/oo. In addition, the range of () 180 for the Kalkarinji 
basalts is 1.9o/oo. Taylor & Sheppard (1986) asserted that if oxygen isotope variations are larger 
than 1 %o in addition to fractionation, then the magma must have interacted with material, that, at 
some stage in its evolutionary history resided at or near the earth's surface. At some stage in the 
genesis of the Kalkarinji basalts, the precursor mantle-derived magma must have interacted with 
crustal material that had existed at or in a near surface sedimentary or hydrothermal 
environment, undergoing fractionation at low temperatures. Again, this may involve crustal 
assimilation, source enrichment or isotopic exchange with surrounding wall rocks. However, 
isotopic exchange between magma and wall rocks is thought to be too inefficient to produce 
large isotopic changes in magma composition, (James, 1981). Ideally, it would be preferable to 
analyse individual pure clinopyroxene crystals by secondary ion mass spectrometry or by laser 
fluorination methods. 
6.4.3 {/80 Stratigraphic Variation 
6.4.3.1 Purnululu Section 
Figure 6.9 shows () 180 variation for the -800m Purnululu stratigraphic section. There is a subtle 
trend towards higher 6180 values at the top of the sequence. For the entire section, 6180 values 
range from 6.8%o to 8.2%o, a change of 1.4o/oo. 
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Figure 6.9: 6180 variation for Purnululu stratigraphic section 
In agreement with the radiogenic isotope data, there is a trend of increasing enrichment up the 
stratigraphic sequence. 
6.5 CONCLUSIONS 
Initial 87Sr/86Sr compositions vary between 0.707 to 0.723 with 20 out of 23 samples lying 
within a restricted range between 0.707 to 0.709. These values show isotopic enrichment 
relative to 87Sr/86Sr value (508 Ma) for DMM which is estimated to be 0.702 to 0.703, e.g. Sun 
& McDonough (1989). 
eNd(r) values vary from -2.7 to -9.6, with 19 out of 23 clustering in a narrow range between -3.0 
and -4.5. Compared to depleted MORB mantle these values are isotopically unradiogenic, 
(DMM = +9, at T ~508 Ma) indicating a time-integrated enrichment in Nd relative to Sm. The 
three samples that show the lowest eNd values include the two dolerite dykes, MB001 and 
:£93001, and also a basalt from the most eastern part of the Kalkarinji province, PP004, which is 
geographically the most removed from the others ~ 1000 km to the west. 
The o180 values for the Kalkarinji whole rock samples range from 6.6%o to 8.5o/oo. The feldspar 
o180 value for HS002 and DR021 is less than 1o/oo higher than the clinopyroxene sample (and 
uncorrected mineral separate o180 value for DR021) implying that this is a magmatic feature 
and not due to subsolidus alteration effects. In contrast, the LBO 11 feldspar sample is markedly 
lower than the clinopyroxene o180 value, implying that at some stage, the feldspars underwent 
high temperature hydrothermal modification whereby the oxygen isotopic equilibrium was 
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disturbed. The real spread in o180 data is probably around 7.2 to 7.5o/oo, ±1 o/oo as estimated from 
the best through the data in Figure 6.7. 
The Kalkarinji basalts and dolerites show the presence of a crustal component for both 
radiogenic and stable isotopes. The mechanism for this enrichment and the processes involved 
will be discussed and further evaluated in Chapter 9. 
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CHAPTER 7: GEOCHEMICAL AND ISOTOPIC COMPARISON 
BETWEEN THE KALKARINJI FLOOD BASALTS AND 
WORLDWIDE CONTINENTAL FLOOD BASALT PROVINCES 
7.1 INTRODUCTION 
Continental flood basalt provinces share many overall similarities including size, eruption style, 
duration and petrographic, geochemical and isotopic properties e.g. MacDougall, 1988; Carlson, 
1991. Nevertheless, individual continental flood basalt suites exhibit features which distinguish 
them from each other. For example, some flood basalt provinces are bimodal, in that they 
contain genetically related mafic and felsic volcanism, e.g. rhyolites and basalts in the Parana-
Etendeka province, Peate (1997), rhyodacites from Butcher Ridge, Darwin Glacier in the Ferrar 
Province (D. Green, pers. comm. , 2002). In contrast, the two Australian provinces, the 
Kalkarinji and the Tasmanian Dolerites, lack contemporaneous felsic volcanism associated with 
eruption and intrusion of the basalts and dolerites. 
As an aid in understanding the origin and evolution of the Kalkarinji flood basalts, the 
geochemical and isotopic characteristics of the Kalkarinji basalt province are compared with 
those of other large igneous provinces worldwide. Comparisons are made with both continental 
flood basalts (Columbia River Basalts, Siberian and Deccan Traps, Keweenawan, western 
Yemen, Parana, Karoo and East Greenland provinces, Tasmanian Dolerites, the Ferrar Province 
and Emeishan picrites). Although the Tasmanian Dolerites are part of the Ferrar Province (e.g. 
Hergt et al., 1991), for clarity they are discussed separately throughout this chapter. 
Included also are ocean island basalts (Curas:ao, Ontong Java and Iceland picrites and basalts, 
Hawaii and Reunion Island). Data for komatiites from Canada and Zimbabwe and komatiitic 
basalts from the Baltic Shield, Cameroon Line alkali basalts and MORB are also included for 
reference. Table 7.1 lists the sources for data from continental flood basalt provinces. 
In addition, the Kalkarinji basalts and dolerites are compared to major geochemical reservoirs: 
primitive mantle (PM), NMORB and OIB (e.g. Sun & McDonough, 1989) and Post Archaean 
Australian Shale (PAAS) Taylor & McLennan (1985). Platinum Group Element (PGE) data 
was obtained for East Greenland basalts from Momme et al. , 2002; the Noril'sk basalts from 
Brtigmann et al., 1993; Hawaii OIB from Bennett et al., 2000; Iceland OIB, Reunion picrite, 
Kolbeinsey Ridge MORB, alkali basalts from the Cameroon Line, west Africa and komatiites 
from Canada and Zimbabwe from Rehkamper et al. , 1999 and Baltic Shield komatiitic basalts 
from Puchtel & Humayun, 2001 . 
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Table 7.1: Source of geochemical and isotopic data for continental flood basalts used in database 
Continental Flood Basalt 
Province 
Siberian Traps 
Tasmanian Dolerites 
Ferrar Dolerites 
Parami-Etendeka 
Columbia River Basalts 
Deccan Traps 
western Yemen 
Karoo Basalts 
Emeishan picrites 
Ontong Java 
Cura~ao picrites 
Iceland picrites 
Keweenawan basalts 
Source 
Sharma eta!., 1991; Lightfoot eta/., 1993; Wooden eta/., 1993; 
Hawkesworth eta/., 1995 
Hergt, unpubl. PhD thesis, 1987; Hergt et at., 1989; Hergt eta/., 1991 
Hoefs eta/., 1980; Siders & Elliot, 1985; Hergt et al., 1989; Fleming 
eta/., 1992; Molzahn et al. , 1996. 
Fodor et al., 1985; Harris et al., 1989; Garland et al., 1996; Peate & 
Hawkesworth, 1996; Peate, 1997 
Carlson 1984; Hooper & Hawkesworth, 1993 
Cox & Hawkesworth, 1985; Lightfoot & Hawkesworth, 1988; Peng et 
a/., 1994; Mahoney et al., 2000 
Baker et a!., 1996; Baker et a/., 2000 
Duncan eta/., 1984; Ellam & Cox, 1989, 1991; Sweeney et al., 1994 
Chung & Jahn, 1995 
Mahoney et al., 1993; Tejada et al., 2002 
Kerr et al., 1996; Revillon et al., 1999 
Revillon et al., 1999 
Shirey et al., 1994; Marshall & Lidiak, 1996 
7.2 GEOCHEMICAL COMPARISON BETWEEN CONTINENTAL FLOOD BASALT 
PROVINCES 
7.2.1 Low and High-Ti Suites 
The most fundamental geochemical distinction between continental flood basalt suites is their 
level of relative Ti02 enrichment, which enables them to be divided into low and high Ti02 
suites. A given province may contain one or both suites. Examples of provinces where both 
suites are present include the Columbia River, Parami-Etendeka, Karoo, Siberian and Deccan 
Traps. High-Ti suites are characterised by higher FeOtand P205, but lower Si02 relative to low-
Ti suites. High-Ti suites often occur amongst the earliest eruptive units in flood basalt 
provinces, e.g. Sweeney et al. (1991). 
Peate (1997) suggested that low-Ti suites be defined as those with Ti/Y <310 based on 
observations of Hergt et al. ( 1991) who noted that the tholeiites of the Transantarctic Mountains 
have extremely low Ti/Y, mostly <~200, a distinctive feature of this province. 
Table 7.2 shows Ti/Y ratios of basalt suites for samples >5 wt% MgO composition (more 
evolved samples can lose Ti due to crystallisation of oxide phases). 
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Table 7.2: Average Ti/Y ratios for Worldwide Continental Flood Basalt Provinces. Only samples 
>5 wt% MgO were considered. 
Continental Flood Basalt TiN Continental Flood Basalt TiN 
Ferrar Basalts Antarctica (n = 22) 160±25 Siberian Traps Low-Ti (n = 26) 267 ±33 
Tasmanian Dolerites (n = 20) 191 ±0.2 Siberian Traps High-Ti (n = 31) 327±26 
Karoo Low-Ti (n = 44) 217±24 Parana high-Ti Basalts (n = 9) 335 ±47 
Deccan Traps Low-Ti (n = 14) 230±19 Columbia River Basalts High-Ti (n = 26) 370±44 
Kalkarinji basalts and dolerites (n =57) 235 ±19 Deccan Traps High-Ti (n = 73) 381 ±60 
Columbia River Basalts Low-Ti (n = 13) 253 ±18 Karoo High-Ti (n = 10) 412 ±88 
Parana low-Ti Basalts (n = 47) 262±21 600±94 
Errors are I a 
The Kalkarinji basalts have similar Ti/Y to other low-Ti flood basalts worldwide, e.g. the Karoo 
Low-Ti, Deccan Traps, Siberian Traps and the Parana. However, they do not share the 
extremely low Ti/Y values as shown for the Tasmanian Dolerites and the Ferrar basalts and 
dolerites (Ferrar Province) which is a characteristic feature for this province. Similar to the 
Ferrar Province, high-Ti basalts are not known for the Kalkarinji province. 
Many hypotheses have been proposed for the origin of low and high-Ti suites. Fodor (1987) 
suggested that the low-Ti basalts of the Serra Geral (Parana province in southern Brazil) were 
derived from partial melting over the centre of the Tristan da Cunha plume, whereas high-Ti 
basalts were generated by melting at the plume head periphery. Alternatively, Peate (1997) 
suggested that compositional evidence for involvement of the Tristan plume in the Parana-
Etendeka province was minimal and instead argued that conductive heating associated with the 
plume had caused melting of the lithospheric mantle to generate the majority of the Parana 
basalts. However, lithospheric extension in the late stages of magmatism might have been 
responsible for decompression melting of the asthenosphere to generate the late-stage low-Ti 
Esmeralda (Parana) basalts. Moreover, numerous authors have argued that low-Ti basalts are 
the result of crustal contamination because many low-Ti suites exhibit characteristic crustal 
geochemical signatures, e.g. Gramado basalts in the Parana, Peate, 1997; the Bushe formation 
of the Deccan Traps, Peng et al., 1994. Other authors however, e.g. Hergt et al. , 1991 have 
argued that low-Ti suites reflect a unique mantle source that includes ancient subducted crustal 
components added to depleted peridotite. Arndt et al. (1993) suggested that low-Ti basalts form 
by high degree melting at relatively low pressures under thinned lithosphere, in contrast to high-
Ti basalts which they maintain form by low degree partial melting of peridotite at sub-
lithospheric depths, i.e. at higher pressures in the presence of garnet. 
Gibson et al. (1995) suggested that the Parana high and low-Ti basalts were generated by 
mixing asthenospheric derived melts with K-rich mafic melts from the subcontinental 
113 
Chapter 7: Comparison to Worldwide Continental Flood Basalt Provinces 
lithospheric mantle. Finally, Turner & Hawkesworth (1995) suggested that low-Ti basalts result 
from partial melting of depleted peridotite (which is enriched in orthopyroxene relative to 
clinopyroxene), at relatively low pressures. 
For the Karoo picrites, Sweeney et al. (1991) delineated low and high-Ti picrites using the trace 
element ratio Ti/Zr (both are high field strength elements with similar compatibilites ). They 
further subdivided high-Ti basalts based on the relative enrichment of alkalis versus Ca. They 
concluded that the initial phase of picritic magmatism (their high-NaK# high-Ti group) was 
generated by small degrees of partial melting of metasomatised, refractory, deep lithosphere, 
whereas, their low-NaK# high-Ti group originated from partial melting of asthenosphere that 
was itself upwelling because of rifting of the sub-continental lithosphere. Finally, the low-Ti 
group was thought to represent shallow melting under a thinned lithosphere from an 
unmetasomatised lithospheric source. 
Lastly, Xu et al. (2001) proposed different mantle sources for high and low-Ti lavas from the 
Emeishan flood basalts in southwestern China. They proposed that the high-Ti lavas originate 
by low degrees of partial melting ( -1.5%) within the garnet stability field and the low-Ti lavas 
were generated by higher degrees of partial melting at the spinel-garnet transition zone. 
7.2.2 Major Element Variation 
Major element diagrams serve to discriminate between the different world continental flood 
basalt provinces. It is possible to compare fractionation trends between the different flood 
basalt provinces by observing chemical variation with indices of fractionation such as MgO, e.g. 
Figure 7.1, where MgO wt% is plotted against Fe01 wt%. 
It is evident that the Kalkarinji basalts have undergone crystal fractionation to an extent similar 
to that of the Parana, Karoo and Columbia River basalts. Picrites have been excluded for 
clarity. At any given MgO content, the Kalkarinji basalts are displaced in Fe01 space to lower 
values relative to the Deccan, Karoo, Columbia River and Parana basalts, where they overlap 
the Tasmanian Dolerites. 
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Figure 7.1: MgO versus Fe01 for flood basalt provinces worldwide. The individual fields define the 
main data arrays for each province. 
In order to compare data from other continental flood basalt provinces with the Kalkarinji 
province, it is necessary to remove the effects of contamination and crystal fractionation. In 
Chapter 5, Figure 5.4, MELTS and Petrolog modelling showed the effects of olivine, 
plagioclase and clinopyroxene crystallisation during fractionation from 9-3 wt% MgO. In order 
to correct for the effects of crystal fractionation, Turner & Hawkesworth (1995) regressed major 
element oxides from a large database of selected flood basalt provinces to MgO 8%, and to 
minimise errors, only data with MgO >5 wt% were projected along the regression line. Ideally, 
it would be preferable to correct back to the parental liquid, i.e. liquids in equilibrium with 
mantle olivine, Fo89 . In this case, it would mean regressing the data back to Mg#75 , i.e. 
projecting along the olivine control line to correct for olivine fractionation more directly. 
However, Figure 5.4, for Alz03 versus MgO, Chapter 5 clearly illustrates an inflection in 
regression line, where olivine is initially the crystallising phase at more primitive compositions 
until plagioclase (±clinopyroxene) joins the crystallisation sequence. In essence, if the fitted 
line through the data e.g. >5wt% MgO and <7.5 wt% MgO is regressed to more primitive 
compositions, then it would not be a true representation for the compositions in equilibrium 
with mantle olivine, which would fall on a different trajectory. It may be possible, however, to 
take an average composition for each flood basalt province at the point of olivine-plagioclase 
inflection (see Figure 5.4) and project back along the olivine control line by means of adding 
incremental amounts of olivine until equilibrium with mantle olivine Fo89 is achieved. This 
would require a reasonably accurate means of estimating when olivine alone was the sole 
crystallising phase, preferably through MELTS and/or Petrolog computer modelling programs. 
A further complication relates to crustal contamination processes, as it is uncertain at what stage 
and to what extent crustal interaction affects the evaluation of the major elemental oxides. 
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To provide some comparison with other flood basalts, and with this problem in mind, data was 
regressed back to Mg#65 , the point where four fold saturation is achieved, i.e. olivine, 
plagioclase plus two pyroxenes join the crystallising sequence. Only samples with Mg# >48 
and <65 were used in the regression. The minimum value is based on the rationale used by 
Turner & Hawkesworth (1995) for their Figure 1, where only data >5 wt% MgO were 
considered for their regression to MgO = 8. A regression line was fitted through individual 
continental flood basalt suites and obvious outliers were removed. For the Kalkarinji data, only 
the freshest samples were used in the regression. 
Table 7.3 shows the intercept, slope and correlation coefficient from least squares regression 
through world continental flood basalt data compared to the Kalkarinji province. All data are 
regressed to Mg# assuming Mg# = molar[lOO*Mg/(Mg+Fe)] for Fe20 3/Fe0 = 0.15, i.e. the 
ferric iron component is 15% of the total Fe. 
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Table 7.3: Intercept, slope and correlation coefficients (R2) from least-squares regressions through world continental flood basalt data 
Continental Flood 
Basalt II MgO Si02 Ti02 FeO, Na20 CaO/AI203 Nb/La 
intercept slope R2 intercept slope R2 intercept slope R2 inter~pt_ slope: u R2 intercept slope R2 intercept slope R2 intercept slope R2 
Yemen 26 -9.993 0.309 0.91 57.856 -0.160 0.45 4.132 -0,018 0.33 10.535 0.016 0.02 3.581 -0.015 0.04 0.033 
Keweenawan 23 -7.794 0.269 0.57 36.116 0.197 0,07 3.837 -0.038 0.05 11.691 -0.003 0.0001 3.805 -0.018 0,01 0.265 
Deccan High-Ti 51 -6.214 0.246 0.91 46.092 0.072 0.10 4.368 -0.044 0.45 17.415 -0.098 0.36 3.617 -0.024 0.19 0.463 
Deccan Low-Ti 14 -8.795 0.274 0.84 59.568 -0.122 0.10 2.704 -0.028 0.34 7.575 0.047 0.10 5.775 -0.060 0.74 0.277 
Parana Low-Ti 41 -2.654 0.168 0.70 58.601 -0.131 0.08 2.912 -0.031 0.52 19.324 -0.152 0.31 3.841 -0.025 0.18 0.623 
Karoo Low-Ti 43 -4.530 0.193 0.68 56.913 -0.102 0.05 2.071 -0.019 0.42 14.071 -0.075 0.15 3.211 -0.016 0.05 0.535 
Columbia River Basalts 16 -2.702 0.166 0.82 
Ferrar Province 17 -5.561 0.204 0.84 
Tasmanian Dolerites 18 -8.378 0.247 0.83 
Siberian Traps High-Ti 27 -0.499 0.141 0.77 
Kalkarinji 39 -2.608 0.156 0.95 
Siberian Traps Low-Ti 26 4.663 0.043 0,07 
II = number ofsampJes in regression 
All FeasFeO, 
Mg# = molar[lOO*Mg/(mg+Fe)] for Fe 20 3/Fe0 = 0.15 
All samples regressed to Mg# 65 
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Table 7.4 shows results for continental flood basalt provinces compared to the Kalkarinji 
province, all data regressed to Mg#65· 
Table 7.4: Averages regressed to Mg#6s for Continental Flood Basalt Provinces. Mg# 
molar[Mg/(Mg+Fe2)] for Fe20 3/Fe0 = 0.15. 
Continental Flood Basalt n MsMsN=65 FeM~-65 SiM~~:65 TiM~~65 NaM~~65 Ca0/Ah0JM~N=65 Nb/LaM~N-65 
Yemen 26 10.09 11.58 47.46 2.96 2.61 0.88 1.13 
Deccan High-Ti 23 9.78 11.05 50.77 1.51 2.06 0.85 0.87 
Keweenawan 51 9.69 11.50 48.92 1.37 2.64 0.66 0.79 
Deccan Low-Ti 14 9.02 10.63 51.64 0.88 1.88 0.73 0.44 
Siberian Traps High-Ti 16 8.67 9.52 49.37 1.00 1.84 0.78 0.45 
Parana Low-Ti 17 8.27 9.44 50.09 0.90 2.22 0.75 0.69 
Columbia River Basalts 41 8.09 9.10 49.70 1.30 1.96 0.77 0.55 
Karoo Low-Ti 18 8.02 9.20 50.28 0.84 2.17 0.67 0.72 
Ferrar Province 27 7.70 8.54 54.46 0.51 1.66 0.72 0.002 
Tasmanian Dolerites 43 7.68 8.63 53.58 0.63 2.25 0.70 0.39 
Kalkarinji 39 7.53 8.44 52.35 0.83 2.34 0.64 0.37 
Siberian Traps Low-Ti 26 7.46 7.99 53.48 0.64 1.93 0.71 0.64 
n = number of samples in regression 
All FeasFeO, 
Mg# = molar[lOO*Mg/(mg+Fe)] for F1:203/FeO = 0.15 
All samples regressed to Mg#65 
When regressed to Mg#65, the world data shows a range of MgO and FeO values indicating that 
there is variability for basalt compositions when compared at similar degrees of fractionation as 
measured by Mg#, noting the significance of this parameter as in direct relation to liquidus 
olivine composition. Regressed data for FeO and MgO are variable, and the flood basalt 
provinces commonly attributed to a mantle plume source, i.e. western Yemen, Keweenawan and 
the Deccan Traps all have high Mg0Mg#65 and Fe0Mg#65 relative to other continental flood basalt 
provinces. In terms of Mg0Mg#65 and Fe~g#65 , the Kalkarinji province is most similar to the 
Ferrar Province, Tasmanian Dolerites and the Low-Ti Siberian Traps, which all show lower 
values. In addition, these provinces have the highest Si02Mg#65 values compared to the other 
flood basalt provinces, which are characteristically lower. However, the Kalkarinji suite does 
not share the extremely low Ti02Mg#65 values characteristic for the Ferrar province (including the 
Tasmanian Dolerites). Turner & Hawkesworth (1995) argued that such basalts with high Si02 
and low Ti02, Fe203, Na20 and Ca0/Ah03 result from melting hydrated, depleted peridotite. 
Enriched peridotite, in contrast, would be expected to have higher Na20, Falloon et al. (1988). 
7.2.3 Trace Element Variation 
Continental flood basalts show a diverse range of trace element signatures and this is usually 
ascribed to special petrogenetic processes. For example, there have been various suggestions 
that lithologies might encompass lower or upper mantle, or the continental lithospheric mantle. 
Enriched trace element signatures are often linked with the involvement of lithospheric and 
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continental crustal sources. Hergt et al. (1989; 1991) and Molzahn et al. (1996) proposed that 
the Tasmanian Dolerites and Mesozoic Gondwana low-Ti flood basalts were derived from 
continental mantle lithosphere, involving the incorporation of a small amount of subducted 
sediment which was ultimately responsible for the enriched trace element signatures that these 
rocks display. This is in direct contrast to Antonini et al. (1999), who in their study on andesitic 
basalts and andesites, proposed that the Ferrar magmas of the Prince Albert Mountains, 
Antarctica, were generated by extensive partial melting of an EMORB (Dupal-like) mantle 
source, and the magmas were then subsequently enriched by contamination with lower crustal 
granulites. 
A variety of scenarios have been invoked for the Deccan Trap lavas, which show geochemical 
and isotopic diversity. Lightfoot & Hawkesworth (1988) suggested that the Ambenali and 
Mahabaleshwar basalts were derived via mixing between asthenospheric (Reunion Island) 
material and continental mantle lithosphere. Lightfoot et al. (1990) in contrast, postulated that 
the Panhala Formation magmas originated from within the continental lithosphere. The Bushe 
Formation, which has the most enriched geochemical and isotopic signature, is attributed to 
contamination by continental crust, Sen (200 1 ). 
Ellam & Cox (1989) suggested that melting of sub-continental mantle lithosphere was chiefly 
responsible for the Karoo picrites. Moreover, they proposed that the Nuanetsi picrites were 
derived by mixing between liquids from a MORB (asthenospheric) mantle source and 
lamproitic magmas derived from low-degree melting in the sub-continental lithosphere. 
However, Ellam et al. (1992) later suggested that Os isotope data supported the role of the sub-
continental lithospheric mantle together with the involvement of an OIB-like mantle plume for 
the genesis of the Karoo picrites. Interaction of a plume derived magma with lamproitic melts 
has also been postulated for the Emeishan basalt province, Chung & Jahn, (1995). 
Kerr et al. (1999) concluded that for the Mull Tertiary Volcano in Western Scotland, early 
mafic magmas interacted with granulite-facies Lewisian gneiss, possibly in lower crustal 
magma chambers. However, magmas of the Mull central igneous complex were contaminated 
with upper crustal metasedimentary rocks, as a consequence of assimilation in high-level 
magma chambers. 
It can be seen that for a variety of continental flood basalt provinces, many mechanisms can be 
responsible for their generation and subsequent enriched trace element signatures. Often it is 
not just a single event, but a complex interplay involving many factors. Differences in trace 
element abundances can be highlighted by plotting data from individual continental flood basalt 
provinces onto trace element bivariate diagrams. 
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Useful discrimination diagrams may be constructed by plotting trace element ratios that 
distinguish between mantle, MORB, OIB and crustal signatures e.g. Th/Nb versus Ti/Y, Rb/Ba 
versus La/Sm and Nb/La versus Ti/Zr and these are shown in Figures 7.2, 7.3 and 7.4. Also 
included are data for NMORB, EMORB, OIB, primitive mantle from McDonough & Sun 
(1995) and PAAS (Post Archaean Australian Shale) taken to represent the crustal end-member 
from Taylor & McLennan (1985). The elemental ratios have been chosen so as to minimise the 
effects of crystal fractionation, and to discriminate between individual provinces and crustal and 
mantle reservoirs. The elements whose ratios are taken, show similar compatibility during 
crystal fractionation, i.e. although the individual element's abundances will change during 
fractionation, the ratio for the two elements should remain constant. 
Flood basalts from different provinces are shown below on a bivariate plot of Ti/Y versus the 
High Field Strength Element ratio (HFSE) Nb/Th, which is useful in discriminating mantle and 
crustal signatures. 
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Figure 7.2: Trace Element Variation Diagram showing Ti/Y versus Nbffh for Kalkarinji flood 
basalts comparing world distribution of high and low-Ti flood basalts and dolerites, relative to 
Primitive Mantle (PM), OIB (Oceanic Island Basalt), EMORB (Enriched MORB) and NMORB 
(Normal MORB). (Data for mantle reservoirs from Sun & McDonough, 1989). The individual fields 
only highlight main clusters of data. The dotted line in the diagram represents an approximate 
boundary between low-Ti and high-Ti suites at Ti!Y = 310. 
The Kalkarinji and Deccan low-Ti basalts and Tasmanian Dolerites all possess low Nb/Th, 
indicating the strong influence of a crustal component or metasomatised lithosphere. 
Figure 7.3 shows the ratio of two highly incompatible elements, Ba and Rb plotted against a 
ratio of a LREE to a MREE, here La/Sm. 
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Figure 7.3: Bivariate diagram showing variation for La/Sm versus Ba/Rb for world flood basalt 
and dolerite provinces. Also included are Iceland and Cura~ao picrites, NMORB, EMORB, om, 
PMandPAAS. 
The trace element ratio La/Sm is a measure of the amount of LREE fractionation. The 
Kalkarinji basalts are strongly enriched in the LREE relative to the MREE and also exhibit 
distinctively low Ba/Rb ratios. Such low Ba/Rb ratios are characteristic of sedimentary rocks, 
notably pelitic sediments which tend to be enriched in Rb relative to Ba due to their high clay 
and/or white-mica content. It follows that the source component responsible for the enriched 
signature for the Kalkarinji basalts is geochemically distinctive in that Rb is enriched relative to 
Ba. Figure 7.3 also serves to discriminate between the Tasmanian Dolerites and the Kalkarinji 
province, the latter have lower Ba/Rb ratios. 
Figure 7.4 shows Ti/Zr versus Nb/La variation. The Kalkarinji basalts plot in the lower left 
quadrant of the diagram, and compared to most other flood basalt provinces, have Ti/Zr 
restricted between 36 to 68. Apart from some Karoo and Deccan basalts, the Kalkarinji basalts 
also have distinctly low Nb/La values, although there is some overlap with some other low-Ti 
flood basalts. The Nb/La ratio is a key crustal versus mantle discriminator in that crustal rocks 
have low Nb/La ratios e.g. 0.5 for PAAS, in contrast to mantle reservoirs with much higher 
Nb/La ratios, e.g. NMORB =0.93 . However, lithospheric mantle modified by subduction 
processes may also have low Nb/La, e.g. Archaean shoshonitic lamprophyres in Western 
Australia, Taylor et al. (1994). 
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Figure 7.4: Bivariate diagram showing variation for Ti/Zr versus Nb/La for world flood basalt and 
dolerite provinces. Also ncluded are Iceland and Cura~ao picrites, NMORB, EMORB, OIB, PM 
andPAAS. 
It can be seen from Figure 7.4, that the Ferrar dolerites have the lowest Nb/La ratios for any of 
the flood basalt provinces. However, while Nb/La ratios for the Kalkarinji basalts are not as 
low as the Ferrar, compared to most other provinces they are typically lower, between 0.25 to 
0.45 which is considerably removed from mantle reservoir values. Although La contents are 
inversely correlated with degree of melting, it is more likely that the elevated La relative to Nb 
for the Kalkarinji basalts is indicative of involvement of a crustal component (and/or 
involvment of subduction modified lithospheric mantle). 
Figure 7.5 shows Ba/Th versus P/Nd. The Kalkarinji basalts have amongst the lowest P/Nd and 
Ba/Th ratios compared to other flood basalt provinces. Relative to Th, Ba is conspicuously 
depleted. The extreme depletion in Ba relative to Th is observed in the low-Ti Deccan Traps 
and the Cura~ao provinces. 
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Figure 7.5: Trace Element Variation Diagram showing Baffh versus P/Nd for Kalkarinji flood 
basalts comparing world distribution of high and low-Ti flood basalts and dolerites and Iceland 
and Cura~ao picrites relative to Primitive Mantle (PM), OIB (Oceanic Island Basalt), EMORB 
(Enriched MORB) and NMORB (Normal MORB). 
Figure 7.6 compares Th/U versus TiN for Kalkarinji basalts and dolerites with other provinces. 
The Kalkarinji basalts show extreme Th enrichment relative to all other flood basalt provinces, 
except for some of the western Yemen basalts. Thorium/Uranium ratios for the Kalkarinji range 
between ~5 and 8.5 with a mean of 6.5, whereas in most other provinces, Th/U are typically 2 to 
6. The high Th/U ratios for the Kalkarinji are unique and may be related to the unusual high Th 
and U-rich Proterozoic crust of northern Australia, Wyborn et al. (1992). 
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Figure 7.6: Trace Element Variation Diagram showing Ti/Y versus Th/U for Kalkarinji flood 
basalts comparing world distribution of high and low-Ti flood basalts and dolerites and Iceland 
and Cura~ao picrites relative to Primitive Mantle (PM), OIB (Oceanic Island Basalt), EMORB 
(Enriched MORB) and NMORB (Normal MORB). 
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Table 7.5 shows average values for Th and U regressed to 8 wt% MgO for worldwide flood 
basalt provinces 
Table 7.5: Average values for Th and U (ppm) regressed to Mg#65 for worldwide flood basalt 
provinces. 
Province Low/High-Ti n ThMgj65 n UMgN65 
Kalkarinji Low-Ti 62 4.8 ±1.8 62 0.69±0.28 
Deccan Low-Ti 15 3.8 ±1.0 5 0.61 ±0.21 
Ferrar Low-Ti 19 3.7 ±1.1 4 0.42 ±0.44 
Karoo Low-Ti 9 3.4 ±0.8 8 0.60±0.20 
Tasmanian Dolerites Low-Ti 17 3.1 ±1.0 17 0.85 ±0.64 
Siberian Traps Low-Ti 26 2.4 ± 0.4 26 0.62 ±0.15 
western Yemen High-Ti 38 2.0 ±1.6 38 0.43 ±0.38 
Parana Low-Ti 32 1.8 ±0.9 32 0.56±0.24 
Columbia River High-Ti 35 1.7 ±0.6 30 0.42±0.16 
Parana High-Ti 22 1.5 ±0.6 22 0.43 ±0.04 
Deccan High-Ti 57 1.3 ±1.8 16 0.41 ±0.17 
Keweenawan High-Ti 34 0.9 ±0.8 22 0.24±0.29 
Siberian Traps High-Ti 27 0.7 ±0.4 27 0.20 ±0.17 
Ontong Java High-Ti 68 0.2 ±0.1 62 
n= number of samples in regression 
All errors are 1 a 
From Table 7.5, the Kalkarinji basalts and dolerites are highly enriched in Th compared on a 
similar basis (regressed to Mg#65) to other flood basalts around the world, except for the low-Ti 
Deccan and Ferrar basalts and dolerites. The intra-plate oceanic flood basalt province, Ontong-
Java has been included to represent the depleted mantle component and, as expected, is the least 
enriched in Th. In general, the Low-Ti basalts and dolerites tend to be enriched in U. 
7.2.4 Platinum Group Element Geochemistry 
Some continental flood basalt provinces host magmatic ore-grade Ni-Cu sulphide and PGE 
deposits, e.g. the Noril'sk region in Siberia. These deposits are generally the result of 
segregation of liquid sulphide from mafic and ultramafic lavas resulting in enrichment of the 
chalcophile elements in the sulphide lavas, Naldrett (1997). In the case of Norils'k, the first 
magmas assimilated crustal material (plus evaporites) causing the magma to become sulphur 
saturated. Most of the sulphides accumulated in feeder conduits. As successive flows travelled 
through the conduits, the sulphides continued to sequester Ni, Cu and the PGE's from the 
silicate magmas. These feeder dykes and sills ultimately hosted the ore deposit. The basaltic 
lavas directly overlying the Noril'sk sulphide deposit are typically depleted in these chalcophile 
elements, and as such, depletion of these elements in basaltic flows may indicate sulphide 
segregation and subsequent removal of the chalcophile elements to form an ore deposit. The 
PGE, Ni and Cu depletion in the Nadezhdinsky series has been attributed to assimilation of 
continental crust, which initiated sulphide precipitation, thus sequestering chalcophile elements 
from the basaltic magma, Naldrett (1997). 
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PGE data for 25 Kalkarinji basalts and dolerite sample KBOOl are compared to the East 
Greenland flood basalts, Noril'sk basalts including the highly depleted Nadezhdinsky series 
which directly overlie the Noril'sk Ni-Cu-PGE sulphide deposits, Iceland OIB picrites, Hawaii 
OIB picrites, MORB, alkali basalts, Reunion picrite and komatiites and komatiitic basalts from 
various provinces (references in section 7.1 ). 
Figure 7.7 shows Pt versus Pd, Pd (ppb) versus Cu (ppm) and Pt (ppb) versus MgO wt% for the 
Kalkarinji basalts and dolerites and world data. Figure 7.7 (a) shows that the Kalkarinji basalts 
are low in Pt and Pd, but they overlap with MORB, alkali basalts, Hawaiian OIB picrite , 
Reunion Island picrite and the Nadehdinsky series (Noril'sk). In contrast, there is minimal 
overlap with the East Greenland basalts, which Momme eta/., (2002) described as PGE-rich 
basalts which experienced minimal sulphide segregation. 
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Figure 7.7: Pt versus Pd, Pd versus Cu and Pt, Ni versus MgO wt% and Cu/Pd versus Cu for 
Kalkarinji basalts and dolerites compared to world data. The individual fields only highlight main 
clusters of data. 
Bennett eta/., (2000) suggested that high and constant Cu/Pd ratios in basaltic magmas indicate 
the presence of residual sulphides in their mantle source regions, in contrast to mantle-like 
Cu/Pd values. On the other hand, Momme et al. , (2002) suggested that constant Cu/Pd ratios 
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reflected silicate and chromian spinel dominated fractionation without concurrent sulphide 
segregation. 
The Kalkarinji basalts show high Cu/Pd ratios indicating possible residual sulphide in the source 
and/or sulphide fractionation during magma differentiation, Figure 7.6 (b). The considerable 
dispersion amongst Cu/Pd probably represents later remobilisation of Cu due to hydrothermal 
alteration. 
Figure 7.8 shows Pt!Ir versus MgO wt%. The ratio Pt!Ir is useful because during magmatic 
fractional crystallisation under sulphide-undersaturated conditions, Ir, Ru and Os are compatible 
in a non-sulphide phase, thought to be either chromian spinel or a PGE alloy, e.g. Rehkiimper et 
al., 1999. As a consequence, these elements would decrease as differentiation progressed i.e. 
they are controlled by fractionation processes. In contrast, Pt and Pd would behave 
incompatibly and will only segregate if the magma becomes sulphur saturated. Magmas which 
are more fractionated therefore show elevated Pt!Ir values, Figure 7.8. 
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Figure 7.8: Ptllr versus MgO wt% comparing the Kalkarinji basalts and dolerites to world data. 
In terms of their Ptllr ratio, the Kalkarinji are most similar to MORB, alkali basalts, Hawaii 
OIB, East Greenland picrites and komatiites from Canada and Zimbabwe. Compared to East 
Greenland basalts, Norisl'k basalts and the Baltic Shield komatiities however, they are clearly 
not as fractionated. One sample, PL067 had a Pt!Ir ratio of ~ 700 and for clarity was not 
included in the above plot. 
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Figure 7.9 is a primitive mantle normalised plot comparing PGE and trace elements Au and Cu 
between the East Greenland basalts and the Kalkarinji province. The East Greenland basalts are 
clearly more enriched in the PGE's with the exception of Ir, where there is marginal overlap at 
the lower end of the scale. Momme et al. , (2002) interpreted this enrichment as an indication of 
minimal (or no) sulphide saturation. Thus the Kalkarinji basalts and dolerites likely experienced 
sulphide saturation at some stage in their genesis and a relatively late stage process led to 
segregation of PGE's and Ni. Figure 7.10 is a primitive mantle normalised plot showing 
depleted and undepleted (Nadezhdinsky) samples from the Noril'sk province compared to 
Kalkarinji basalts and dolerite. 
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Figure 7.9: Primitive Mantle normalised plot showing the distibution of PGE elements, Au and Cu 
for Kalkarinji basalts and dolerites compared to basalts from East Greenland (data from Momme 
et al., 2002). Normalising values from McDonough & Sun, 1995. 
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Figure 7.10: Primitive mantle normalised plot showing the distribution patterns of PGE elements, 
Au and Cu for Kalkarinji basalts and dolerite compared to basalts from the Noril'sk province (data 
from Briigmann et al., 1993). Normalising values from McDonough & Sun, 1995. 
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Despite some overlap with the Noril'sk suite, the majority of the Kalkarinji basalts have PGE 
values well below detection limits (Table 5.3 - Chapter 5) and therefore cannot be plotted. The 
elevated PGE values for dolerite sample KB001 highlights the possibility of Ni ore being 
associated with sill complexes. Although it is only slightly more elevated in the PGE's than the 
lavas, is possible that this sample experienced less sulphide loss. 
7.3 ISOTOPIC COMPARISION TO WORLDWIDE CONTINENTAL FLOOD BASALT 
PROVINCES 
7.3.1 Radiogenic Isotopes 143Ndi44Nd & 87Sri6Sr 
The 143Nd/144Nd and 87Srf6Sr isotopic compositions of the Kalkarinji basalts and dolerites are 
compared to flood basalt provinces worldwide in Figure 7 .11. NMORB is also shown for 
comparison. All data represent initial ratios, age corrected to the individual estimated time of 
eruption and/or intrusion. 
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Figure 7.11: ENd versus 87Sr/86Sr initial ratios showing range of data for the Kalkarinji basalts and 
dolerites compared to data for world flood basalt provinces. The individual fields highlight only 
main clusters of data. Isotopically enriched sample MROOl is not included on this diagram for 
clarity. 
The 508 Ma Kalkarinji basalts overlap with the Parana (130 Ma) Deccan (65 Ma) and Siberian 
Traps (250 Ma). Like the Tasmanian Dolerites (Hergt et al., 1991), the Kalkarinji basalt data 
show a greater spread for Sr isotopes relative to Nd isotopic compositions, suggestive of 
variable Rb/Sr ratios in a crustal component. The ENd range for the main cluster of Kalkarinji 
data is ~2 epsilon units. 
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In comparison with most other large igneous provinces, the spread of isotopic data for the 
Kalkarinj i basalts (except for a few outliers) is generally small, a feature shared with the 
Tasmanian Dolerites. Two compositional fields are shown for the high and low-Ti Deccan Trap 
lavas. The low-Ti field with the most enriched isotopic signature known as the Bushe 
Formation, represents primitive Deccan lavas which show the strongest crustal contamination 
signatures, Devey & Cox (1987). Conversely, the less enriched high-Ti Deccan basalts 
(although this includes basalts with both radiogenic and unradiogenic £Nd and 87Srt6Sr relative 
to bulk earth), do not have a strong crustal contamination signature and are thought to represent 
asthenospheric material related to the Reunion hotspot, perhaps compounded by minor 
interaction with the continental mantle lithosphere, Lightfoot & Hawkesworth (1988). The 
Columbia River Basalts also show isotopic diversity and their genesis has been attributed to a 
variety of mechanisms, Hooper & Hawkesworth (1993). These authors maintain that the three 
sub-groups for the Columbia River Basalts require different source compositions, including a 
plume-related OIB component interacting with subcontinental lithosphere, partial melting of 
depleted mantle previously enriched by subduction processes and melting of >2000 Ma 
subcontinental lithosphere with minor addition of a crustal component. In addition, the 
Columbia River Basalts are thought to have erupted under different tectonic regimes (Hooper & 
Hawkesworth, 1993). These two examples demonstrate the relationship between isotopic 
diversity and varying source components and/or assimilants relating to different modes of 
eruption. 
The relatively narrow isotopic range of Kalkarinji basalts (excluding three more variable 
samples discussed separately) indicates that the mechanism involved for the enrichment process 
was therefore essentially the same throughout the duration of volcanism. This distinguishes 
them from most other flood basalt provinces. As shown in previous chapters where radiogenic 
isotopes show negligible variation against indices of fractionation, e.g. mg#, the enrichment 
process probably occurred soon after magma segregation and well before high-level crystal 
fractionation. The enriched liquids, moreover, were well-homogenised prior to eruption and 
crystal fractionation. 
7.3.2 Oxygen Isotopes 
Oxygen isotopic compositions for the Kalkarinji basalts and dolerites are compared to other 
flood basalt provinces worldwide in Figure 7.12. 
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Figure 7.12: 6180 compositions for the Kalkarinji basalts and dolerites compared to data for world 
flood basalt provinces. 
In comparison with other flood basalt provinces, the Kalkarinji basalt and dolerites appear 
similar to the Parana-Etendeka and the Deccan Traps. Fodor et al. (1985) documented 6180 
values for the Serra Geral flood basalt province (Parana) of7.91 to 10.09o/oo. Harris et al. (1989) 
reported 6180 values for the Etendeka Formation between 5.9 to 12.7%o with an average of 6180 
= 8.8o/oo and Peng et al. (1994) documented magmatic 6180 values of 6.6 to 7.4o/oo for the lower 
six formations of the Deccan Traps and between 6.8 to 7.6 for the crustally contaminated Bushe 
Formation. Fodor et al. (1985) suggested that elevated 6 180 values are indicative of 
assimilation of continental crust. However, Harris et al. (1989) suggested that the high 6180 
values for the Etendeka were largely due to low temperature secondary processes, and were not 
the direct result of early crustal contamination. Peng et al. ( 1994) suggested that the lower 
formations of the Deccan Traps can be modelled by assimilating ~ 10 - 30 % of Indian Archaean 
amphibolite into a Reunion-type primitive magma. In contrast, the oxygen isotope data for the 
Tasmanian Dolerites, Hergt et al., 1989 (not shown) are considerably less enriched, (1.9 -
6.1 o/oo) and probably represents high temperature interaction with meteoric water. 
7.4 CONCLUSIONS 
The Kalkarinji basalts and dolerites are characterised by relatively low Mg0Mg#6s, Fe0Mg#6s, 
Ti02Mg#6s and Ca0/Alz03 and TiN (Table 7.4) similar to other Low-Ti continental flood basalt 
provinces, e.g. the Karoo, Parana, Deccan Traps and the Ferrar Province (including the 
Tasmanian Dolerites ). However, they do not share the extremely low TiN ratios characteristic 
of the Tasmanian Dolerites and the Ferrar basalts and dolerites. 
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Compared to other flood basalt provinces, they have distinctive trace element signatures, 
characterised by high Th!U, La/Sm and low Ba!Rb, Ba/Th, Nb/Th and Nb/La and are most 
similar to the Ferrar Province (including the Tasmanian Dolerites) and the low-Ti Parana, 
Deccan and Karoo basalts. However the discrimination diagrams also serve to separate them, 
especially in Figure 7.6, where the Kalkarinji basalts are characterised by elevated Th!U ratios. 
The significance of this is discussed in a later chapter. 
In terms of their PGE, the Kalkarinji basalts and dolerites have low Pt and Pd values, especially 
compared to the East Greenland basalts, which are typically enriched in these elements. 
However, there is some overlap with MORB and other rock types, including the depleted 
Nadezhdinsky series, which have experienced sulphide segregation to form the Ni-Cu-PGE 
deposits of the Noril'sk basalts, Siberian Traps. The PGE, Ni and Cu depletion from the 
Nadezhdinsky series has been attributed to assimilation of continental crust, which stimulated 
sulphide segregation, thus sequestering the chalcophile elements from the basaltic magma. The 
correspondingly low PGE and Ni values for the Kalkarinji basalts may indicate a similar process 
took place. The role (and/or absence) of crustal contamination (assimilation) processes will be 
evaluated in a later chapter. 
From an isotopic perspective, most of the Kalkarinji basalts have a limited spread in 87Sr/86Sr 
and ENd space when compared to most of the other flood basalt provinces, e.g. the Parana, 
Deccan Traps and Columbia River Basalts. This suggests that the sources and processes 
responsible for LILE enrichment for the Kalkarinji basalts was essentially the same throughout 
the duration of volcanism. This differs from the isotopic diversity evident for other flood basalt 
provinces, which many authors attribute to variable modes of generation involving different 
source components with or without contamination from the subcontinental lithosphere or 
continental crust. This will be fully evaluated and discussed in Chapter 9. 
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CHAPTER 8: DETERMINATION OF MINERAL-MELT 
PARTITION COEFFICIENTS 
8.1 INTRODUCTION 
To understand geochemical processes involved in the genesis of basaltic magmas, it is 
important to understand the partitioning of trace elements between minerals and melt in silicate 
systems. The distribution of trace elements between crystal and liquid is described by the 
partition coefficient (D) adopting the terminology of Beattie eta/. (1993) as: 
where C is the concentration of the trace element M partitioning between phases a and ~. 
Partition coefficients are widely used for modelling igneous crystal-melt processes such as 
partial melting, crystal fractionation and assimilation, Arth (1976). Factors controlling mineral-
melt equilibria for natural systems, include pressure, temperature, melt composition, oxygen 
fugacity and crystallographic site, Arth (1976). For trace element modelling, it is essential to 
choose an appropriate partition coefficient for a given mineral with relevant pressure-
temperature conditions for the particular rock type (silica content etc.) under investigation. 
Partition coefficients can be determined either by experimental means or by analysing natural 
mineral/melt pairs in volcanic rocks. It is possible to obtain partition coefficients from analyses 
of aphanitic rocks where phenocrysts or microphenocrysts are a minor phase, the assumption 
being that bulk rock composition approximates the liquid composition. However, partition 
coefficient data from the literature are of variable quality for a limited suite of elements or a 
limited range of minerals, so that data from different authors using different methods has to be 
evaluated and combined. This can generate inconsistencies in the final data set, as different 
authors obtain partition coefficients from natural, calculated and experimental means for a 
variety of rock types, pressures and temperatures. 
With the advent of laser-ablation ICPMS (Inductively Coupled Plasma Mass Spectrometry) 
methods, it has become possible to measure a full range of trace elements in natural mineral-
melt samples with high sensitivity and precision. 
The Kalkarinji basalts of northern Australia are characterised by upper-crust-like trace element 
geochemical signatures and show well defined geochemical evolution trends on Harker 
diagrams. Previous studies, e.g. Campbell (1985) for a general overview; Peate (1997) for the 
low-Ti Gramado magmas; Carter et a/. (1978) for the Tertiary volcanics from northwest 
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Scotland and Lightfoot et al. (1990) for the Noril'sk region of the Siberian Traps, suggested that 
the crustal signatures of some continental flood tholeiites are due to shallow-level assimilation-
fractional crystallisation (AFC) processes occurring as a result of turbulent flow in magma 
conduits or long residence times in magma chambers. In order to test this hypothesis for the 
Kalkarinji basalts by geochemical modelling, it is necessary to have an accurate and appropriate 
set of crystal-liquid partition coefficients. 
The Kalkarinji basalts are typically aphanitic in texture with rare microphenocrysts of 
clinopyroxene and plagioclase so that whole-rock compositions effectively represent liquid 
compositions. Mineral/melt partition coefficients for the major fractionating phases can 
therefore be determined from analyses of fresh microphencrysts and matrix. 
8.2 METHODS 
Trace element contents of clinopyroxene and plagioclase microphenocrysts were measured 
directly from thin sections of selected Kalkarinji basalts. Samples were first examined optically 
under a transmitted light microscope to select microphenocrysts which lacked alteration i.e. did 
not appear cloudy, and only grains that appeared petrographically fresh. Typical 
microphenocryst sizes ranged from ~ 100 to 250 ~-tm. 
Lithium metaborate fusion beads (Kalkarinji basalts previously analysed for geochemistry from 
Chapter 5) and rare microphenocrysts from thin-section for the Kalkarinji Flood Basalt Province 
were analysed using an ArF UV excimer laser system (193nm wavelength) coupled to an 
Agilent 7500s quadrupole ICPMS at the Research School of Earth Sciences, the Australian 
National University. A spot size of 65 !liD was used. The area to be analysed was initially 
rastered with a repetition rate of 1 hertz for two seconds in order to eliminate surface 
contaminants, then a repetition rate of 5 hertz was employed for the acquisition of data. A more 
detailed description is documented in Appendix VI. 
8.3 MICROPHENOCRYST/WHOLE ROCK LASER-ICPMS ANALYSES FOR 
KALKARINJI BASALTS 
For microphenocryst analysis, it is important to select unzoned crystals, and in the case of 
plagioclase feldspar, this was often difficult. In addition, in the attempt to analyse an individual 
crystal, often there can be an overlap between different phases, mineral inclusions within a 
single phase, or the crystal may be thin and is drilled through producing an inhomogeneous 
signal for the Laser-ICPMS trace element ablation profile. Unzoned homogeneous crystals 
should ideally produce a smooth signal for each individual element over the time the analysis 
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was performed, as shown in Figures 8.1 and 8.2. Only data from inclusion-free crystals 
showing internal geochemical homogeneity were considered. 
100000 
" u c 
10000 
~ 1000 § 
.0 
~ 
100 
10 
Clinopyroxene 
10 20 30 40 
Time slice 
50 60 70 80 
Ca43 
Sc45 
Ti49 
VSI 
Cr53 
Co 59 
Ni60 
Cu65 
Ga71 
Rb85 
Sr88 
Y89 
Zr90 
Nb93 
Snll8 
Csl33 
Bal38 
Figure 8.1: Accepted analysis, showing counts versus time in seconds for the Laser-ICPMS 
analyses for selected trace elements for clinopyroxene. Sample AR038. 
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Figure 8.2: Accepted analysis showing counts versus time in seconds for the Laser-ICPMS analyses 
for selected trace elements for plagioclase feldspar. Sample WL039. 
Figure 8.3 depicts an analysis for clinopyroxene that was rejected due to elemental 
inhomogeneity across the profile. 
135 
Chapter 8: Kalkarinji Mineral-Melt Partition Coefficients 
Ca43 
100000 Sc45 
Ti49 
10000 V51 
Cr53 
" 
1000 Co 59 
" c 
"' "0 Ni60 c 100 
= .c Cu65 < 
~ 10 Ga71 
" E Rb85 
" Ul Sr88 
Y89 
. I Zr90 
Nb93 
.01 
0 10 20 30 40 50 60 70 80 Sn118 
Time slice Cs133 
Ba138 
Figure 8.3: Rejected analysis showing counts versus time in seconds for the Laser-ICPMS analyses 
for selected trace elements for clinopyroxene. Sample AR038. 
ICPMS-Laser ablation data for clinopyroxene and plagioclase microphenocryst compositions 
are presented in Tables 8.1 and 8.2. 
It is apparent from Table 8.2 that plagioclase sample WL039 has much higher values for the 
most incompatible elements, (Rb, Sr and Ba) as well as higher values for most other trace 
elements than the other two plagioclase samples analysed. Although the trace element ablation 
profile was smooth, indicating geochemical homogeneity, it is apparent that due to this 
enrichment, a groundmass component must have been included in the analysis, suggesting that 
perhaps the crystal was thin. However if this were the case, other elements e.g. Nb, Th and Lu 
would also be expected to have higher abundances. 
To further demonstrate the high quality of the Laser-ICPMS data, the microphenocryst and 
whole-rock REE data (Table 8.3) have been normalised to chondritic values and plotted on 
chondrite-normalised REE plots, Figure 8.4, a-h. The smoothness of the patterns for the 
microphenocrysts and whole rock data demonstrate the quality of the analyses. 
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Table 8.1: Clinopyroxene Microphenocryst Compositions 
AR038 1 std error VROOl 1 std error PL058 1 std error WL015 I std error 
uncertaintv uncertaintY uncertainty uncertainty 
:Si02 53.99 53.71 53.00 52.55 
Ti02 0.22 0.18 0.29 0.42 
AhOJ 1.24 1.36 2.01 1.57 
Cr20 3 0.60 0.48 - 0.26 
FeO 6.60 7.77 8.45 11.22 
MgO 20.67 19.59 17.72 16.78 
CaO 16.67 16.90 18.54 17.46 
Na20 - - - -
K20 
- - - -
Total 100.00 99.99 100.Ql 100.26 
Si 1.958 1.959 1.947 1.951 
Ti 0.006 0.005 0.008 0.012 
AI 0.053 0.058 0.087 0.069 
Cr 0.017 0.014 - -
Fe 0.200 0.237 0.260 0.348 
Mg 1.118 1.065 0.970 0.929 
Ca 0.648 0.661 0.730 0.695 
Na - - - -
K - - - -
Total Cations 4.000 3.999 4.002 4.004 
Mg# 84.8 81.8 78.9 72.7 
p 
- - - - 26.2 - - -
Sc 82.4 6.2 86.3 6.5 98.4 7.4 103.3 7.8 
Ti 1415 97 1533 106 - - 2374 163 
v 437 30 452 31 354 24 539 37 
Cr 5803 355 4365 267 444 27 1756 107 
Co 46.3 2.4 58.5 3.1 68.2 3.6 62.0 3.2 
Ni 233.0 11.1 290.3 13.8 133.9 6.4 85.0 4.0 
Cu 4.5 0.6 3.0 0.4 3.4 0.5 1.8 0.3 
Ga 4.6 0.5 3.7 0.4 4.7 0.5 4.6 0.5 
Rb 0.13 0.04 0.14 0.04 0.18 0.06 0.02 0.01 
Sr 14.3 1.1 7.1 0.6 9.1 0.7 8.9 0.7 
y 9.7 0.8 12.0 1.0 14.0 1.2 17.1 1.4 
Zr 8.00 0.76 6.40 0.61 9.33 0.88 10.84 1.03 
Nb 0.05 0.03 0.05 0.02 0.01 0.01 0.02 0.01 
Sn 0.41 0.10 0.40 0.09 0.15 0.04 0.31 O.Q7 
Cs 0.019 0.007 0.063 0.022 0.023 0.008 0.003 0.001 
Ba 1.04 0.21 0.68 0.14 O.Q7 0.0 1 0.51 0.10 
La 0.58 0.09 0.65 0.10 0.68 0.10 0.91 0.13 
Ce 2.06 0.21 2.58 0.26 2.79 0.28 3.70 0.38 
Pr 0.38 0.06 0.49 0.07 0.55 0.08 0.71 0.11 
Nd 2.11 0.31 2.79 0.41 3.20 0.47 4.17 0.61 
Sm 0.83 0.17 1.14 0.23 1.29 0.26 1.67 0.34 
Eu 0.23 0.05 0.25 0.06 0.36 0.08 0.41 0.09 
Gd 1.24 0.23 !.57 0.29 1.92 0.36 2.26 0.42 
Tb 0.24 0.04 0.30 0.05 0.35 0.06 0.42 0.08 
Dy 1.64 0.25 2.04 0.31 2.37 0.36 2.91 0.45 
Ho 0.36 0.06 0.45 0.08 0.51 0.09 0.63 0.11 
Er 1.03 0.18 1.29 0.23 1.44 0.26 1.74 0.31 
Tm 0.15 0.04 0.19 0.04 0.21 0.05 0.25 0.06 
Yb 0.93 0.18 1.15 0.22 1.31 0.25 !.56 0.30 
Lu 0.14 0.03 0.17 0.04 0.18 0.04 0.23 0.06 
Hf 0.32 0.10 0.31 0.09 0.42 0.12 0.44 0.13 
Ta 0.007 0.004 0.002 0.001 0.002 0.001 0.003 0.002 
Pb 0.49 0.17 0.10 0.03 0.18 0.06 0.14 0.05 
Th 0.103 0.051 0.054 0.027 0.018 0.009 0.048 0.024 
u 0.027 0.011 0.060 0.024 0.003 0.001 0.009 0.004 
Notes: 
All elemental oxide data determined by electron microprobe (Energy Dispersive Spectroscopy - EDS) at RSES, ANU 
. Data are wt%. 
Trace element data determined by Laser ablation-ICPMS, RSES, ANU. All data are ppm. 
Mg# =molar 100*Mg!(Mg+Fe2+) 
Detection limits: Si02 <0.09 Ti02 < 0.07 Ah03 <0.09 Cr20 3 <0.08 FeO <0.09 MgO <0.1 CaO <0.06 Na20 <0.12 
K20 <0.04 
bdl =below detection limit 
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Table 8.2: Plagioclase Microphenocryst Compositions 
VROOI I std error WL039 I std error LBO!! I std error 
uncertainty uncertainty uncertainty 
Si02 50.92 52.36 51.49 
Al203 30.54 30.40 31.33 
FeO 0.65 - 0.59 
MgO 0.09 - -
CaO 13.98 12.86 14.08 
Na20 3.54 4.03 3.55 
K20 0.28 0.36 0.19 
Total 100.00 100.01 101.23 
Si 2.33 2.38 2.32 
AI 1.65 1.63 1.66 
Fe O.Q3 - 0.02 
Mg 0.01 - -
Ca 0.68 0.63 0.68 
Na 0.31 0.35 0.31 
K 0.02 0.02 0.01 
Total cations 5.02 5.00 5.01 
%An 67.5 62.5 67.9 
p 
- - - - 15.0 1.3 
Sc 0.83 0.14 1.11 0.24 1.22 0.21 
Ti 210 13 489 50 - -
v 5.4 0.4 12.6 1.9 6.6 0.5 
Cr 1.3 0.4 1.2 0.4 1.2 0.3 
Co 1.2 0.2 12.7 2.6 1.2 0.2 
Ni 0.2 0.1 8.9 4.5 0.2 0.2 
Cu 0.2 0.1 1.5 0.8 0.1 0.1 
Ga 21.7 1.5 40.1 3.6 25.8 2.0 
Rb 0.78 0.15 148.40 10.26 1.48 0.27 
Sr 231.5 7.8 607.6 46.9 286.0 9.3 
y 0.2 0.1 0.4 0.1 0.2 0.1 
Zr 0.04 0.03 0.29 0.15 0.03 0.02 
Nb 0.002 0.001 0.003 0.002 0.007 0.003 
Sn 0.16 0.06 0.35 0.13 0.13 0.10 
Cs 0.01 0.00 0.44 0.12 0.01 0.01 
Ba 39.7 1.5 319.6 20.8 67.8 2.6 
La 0.84 0.11 2.10 0.30 1.19 0.19 
Ce 1.39 0.15 3.38 0.43 1.95 0.24 
Pr 0.14 0.05 0.32 0.09 0.20 O.o7 
Nd 0.47 0.19 1.03 0.40 0.68 0.29 
Srn 0.06 0.04 0.16 0.11 0.12 0.09 
Eu 0.35 0.09 0.45 0.15 0.56 0.15 
Gd 0.04 O.Q3 0.13 0.09 0.08 0.05 
Tb 0.01 0.00 0.01 0.01 0.01 0.01 
Dy 0.03 0.02 0.06 0.04 0.05 0.04 
Ho 0.01 0.00 0.01 0.01 0.01 0.01 
Er O.oJ 0.01 0.02 0.01 0.02 0.01 
Tm 0.001 0.001 0.005 0.004 0.003 0.001 
Yb 0.005 0.003 O.oJ1 0.006 0.015 0.007 
Lu 0.001 0.000 0.001 0.001 0.002 0.001 
Hf 0.006 0.004 0.002 0.001 0.003 0.001 
Ta 0.001 0.001 0.005 0.003 0.003 0.001 
Pb 0.75 0.15 1.85 0.42 1.32 0.31 
Th 0.003 0.002 0.010 0.006 0.003 0.001 
u 0.002 0.001 0.011 0.007 0.003 0.001 
Notes: 
All elemental oxide data determined by electron microprobe (Energy Dispersive Spectroscopy - EDS) at RSES, ANU . 
Data are wt%. 
Trace element data determined by Laser ablation-ICPMS, RSES, ANU. All data are ppm. 
Detection limits: Si02 <0.09 Ab03 <0.09 FeO <0.09 MgO <0.1 CaO <0.06 Na20 <0.12 K20 <0.04 
bdl = below detection limit 
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Table 8.3: Whole Rock Data for Kalkarinji basalts 
Si02 
Ti02 
Al203 
Cr203t 
FeOt 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 
mg#.15 
Ti 
K 
p 
Sc 
v 
Cr 
Ni 
Cu 
G a 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
L a 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
Notes: 
AR038 
51.26 
0.75 
15.81 
6.95 
0.19 
8.83 
10.88 
1.96 
0.79 
O.Q7 
2.08 
99.57 
72 
4466 
6549 
314 
32.2 
142 
409 
142 
12.4 
10.1 
28.8 
140.3 
18.2 
72.2 
2.8 
0.4 
0.481 
132.1 
8.84 
19.38 
2.45 
10.22 
2.51 
0.72 
2.78 
0.48 
2.99 
0.63 
1.76 
1.72 
0.26 
1.83 
0.22 
10 
3.7 
0.52 
VROOI 
53.01 
0.98 
14.83 
8.95 
0.14 
6.89 
9.56 
1.96 
1.15 
0.11 
2.10 
99.67 
61 
5863 
9538 
471 
34.3 
241 
179 
98 
70.7 
16.2 
48.1 
134.6 
26.6 
121.0 
6.2 
1.6 
1.048 
199.8 
17.26 
35.19 
4 .19 
16.69 
3.85 
0.96 
4 .04 
0.68 
4 .25 
0.90 
2.52 
2.43 
0.37 
3.09 
0.40 
26 
7.3 
1.09 
PL058 
54.1 7 
1.46 
14.00 
10.69 
0.17 
5.00 
7.33 
3.05 
1.62 
0.16 
!.56 
99.20 
49 
8735 
13439 
681 
37.1 
312 
51 
30 
42.2 
18.6 
48.3 
196.8 
34.3 
167.0 
8.7 
1.6 
0.557 
248.1 
17.17 
42.38 
5.34 
21.74 
5.10 
1.31 
5.31 
0.89 
5.54 
1.16 
3.25 
3.11 
0.48 
4.23 
0.58 
38 
7.4 
1.46 
WL015 
52.04 
1.36 
14.19 
11.06 
0.19 
5.35 
7.36 
3.57 
1.60 
0.16 
1.61 
98.47 
50 
8171 
13240 
707 
37.4 
288 
45 
26 
111.2 
19.8 
63.4 
174.4 
37.3 
168.1 
9.8 
2.1 
0.551 
287.4 
22.03 
45.60 
5.55 
22.31 
5.22 
1.36 
5.58 
0.94 
5.86 
1.21 
3.40 
3.23 
0.50 
4.08 
0.60 
6 
7.7 
1.29 
WL039 
53.23 
1.10 
14.31 
10.13 
0.18 
5.88 
7.84 
2.77 
2.25 
0.10 
1.88 
99.65 
54 
6577 
18694 
428 
37.0 
290 
70 
42 
62.6 
18.1 
90.4 
157.4 
27.5 
115.4 
6.6 
1.6 
0.740 
278.1 
17.35 
35 .50 
4 .24 
16.84 
3.96 
1.02 
4 .15 
0.70 
4.40 
0.91 
2.57 
2.44 
0.37 
2.94 
0.43 
9 
7.4 
1.24 
LBO!! 
52.73 
1.33 
15.48 
10.65 
0.16 
4.80 
8.84 
2.45 
1.36 
0.14 
!.57 
99.50 
48 
7949 
11292 
617 
38.1 
264 
32 
49 
54.9 
19.3 
52.0 
147.1 
30.0 
142.8 
8.0 
1.8 
0.636 
252.0 
21.95 
44.48 
5.26 
21.65 
4.85 
1.26 
5.20 
0.84 
5.59 
1.15 
3.34 
0.48 
3.24 
0.47 
3.75 
0.55 
10 
8.0 
1.26 
Major elemental oxide data and Cr, Ni and Pb analysed by XRF, Geology Department, 
ANU. All data are wt%. 
Trace element data determined by Laser ablation-ICPMS, RSES, ANU. All data are ppm. 
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Figure 8.4: Chondrite-normalised multi-element diagrams for clinopyroxene and plagioclase 
phenocrysts and whole rock data. Liquid compositions approximate whole rock compositions. 
In summary, Laser-ICPMS compositions of trace element abundances for rare microphenocrysts 
from near-aphanitic basalts and whole rock data from host basaltic glasses, make it possible to 
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generate a reliable set of partition coefficients for basaltic melts at ambient pressure. Partition 
coefficient data for the Kalkarinji basalts for clinopyroxene and plagioclase feldspar are 
compared to literature data in Tables 8.4 and 8.5. The "DREE fitted" in these tables were 
calculated from the parabolic fit of the data. Polynomial fitted equations are as follows where 
cpx = clinopyroxene and fsp = feldspar. 
AR038-cpx: 1 0( -37.755+ 74.814*ionic -radius-37.3l*ionic-radius
2 ) 
VR001-cpx: 1 0( -49.002+96.496* ionic -radius-47.'iYJ4*ionic-radius
2 ) 
PL058-cpx: 1 0( -45.906+90.414*ionic -radius -44.871 *ionic -radius
2 ) 
WL015-cpx: 1 0( -49.088+96.464* ionic-radius - 47.676*ionic -radius
2 ) 
VR001-fsp: 1 0( -40.987 +65.524*ionic -radius -27.023* ionic-radius
2 ) 
.c: 1 0( -46.659 + 76.309* ionic - radius - 31.826* imzic - radius
2 ) 
WL039-!Sp: 
LBOll-fsp: 1 O( -23.222+34.094*ionic - radius -13.074* ionic-radius
2 ) 
Considering that the crystal structure exerts a strong influence on the partitioning of elements 
into the mineral, it is important to select appropriate ionic radii. Wood & Blundy (1997) 
demonstrated that for a spherical site, the strain-free energy term depends on the site radius, the 
radius of the substituting ion and the Young's Modulus of the site. In their elastic strain model, 
they showed that there is a parabolic dependence for Di (the partition coefficient for an element) 
with ionic radius. Shannon, (1976) provides a comprehensive set of co-ordination numbers and 
ionic radii for each cation, and values from this publication were adopted. For the REE, 
equations derived from fitting the data to a parabolic curve were used to approximate a smooth 
curve, thus eliminating analytical errors. In addition, a preferred set of partition coefficients for 
clinopyroxene and plagioclase feldspar for the Kalkarinji basalts is provided in the tables, based 
on the measured results. As mentioned previously, plagioclase feldspar sample WL039 was not 
included in the final average due to possible incorporation of groundmass material during the 
analysis. 
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1a01e o."+: \...llnoovroxene MJcroonenocrvst-uama u·s ror Apnanmc J:\.81KartnJI tsasruts wttn oata trom tne literature. cpx = ctmopyroxene 
Dcpx-melt 
Hart & D cpx-melt 
Dunn (1993) Hauri eta/. D cpx-melt D cpx-me1t 
(Alkali (1994) (High- Green eta!. McKenzie 
Coordination Ionic Preferred basalt alumina basalt (2000) & O'Nions 
Numberin Radius Kalkarinji Dcpx 1sd D ._.038REE Dcpx 1sd DvROOIREE Dcpx 1sd DwLOISREE Dcpx 1sd D1'l.OsSREE 1380°C,3 1405°C, 1.7 (30kb, (1991) 
Elements Clinopyroxene (A) D cpx AR038 Uncertainty Auod VR001 Uncertainty Auod WL015 Uncertainty Alt<d PL058 Uncertainty AUod Gpa) Gpa) 11000C) calculated 
P VI 0.380 0.038 O.D38 0.004 
Ca VIII 1.120 1.9 1.5 0.2 1.8 0.1 2.4 0.2 
Sc VI 0.745 2.6 2.6 0.4 2.5 0.2 2.8 0.2 2.7 0.4 1.31 1.66 
Ti VI 0.605 0.37 0.41 O.Q7 0.33 0.02 0.36 O.D3 0.38 0.36 
V VI 0.640 2.3 3.1 0.5 1.9 0.1 1.9 0.2 1.1 0.1 3.10 2.01 
Cr VI 0.615 25.9 14.2 2.5 24.4 1.7 39.0 2.7 8.7 0.9 3.80 2.75 
Ni VI 0.690 2.6 1.6 0.2 3.0 0.2 3.3 0.2 4.5 0.4 
Cu VI 0.730 0.03 0.36 0.17 0.04 O.QI 0.02 ·<0.01 0.08 0.01 0.360 
Ga VI 0.620 0.31 0.45 0.04 0.23 0.02 0.23 0.02 0.250 0.03 0.740 
Rb VIII 1.610 0.003 0.005 0.002 0.003 0.001 <0.001 <0.001 0.004 0.001 0.011 
Sr VIII 1.260 O.D7 0.10 0.01 0.05 <0.01 0.05 <0.01 0.05 O.QI 0.128 0.124 0.110 0.067 
Y VIII 1.019 0.51 0.54 0.09 0.55 0.45 0.04 0.49 0.46 0.04 0.51 0.41 0.05 0.43 0.467 0.240 
Zr VI 0.720 0.08 0.11 0.02 0.05 O.QI 0.06 O.QI 0.06 O.QI 0.123 0.164 0.043 
Nb VI 0.640 0.010 0.020 0.011 0.008 0.004 0.002 0.001 0.001 0.001 0.008 0.009 0.001 0.050 
Sn VI 0.690 0.20 0.96 0.34 0.25 O.D7 0.15 0.05 0.10 0.04 
Cs VITI 1.740 0.005 0.040 O.Q28 0.060 0.022 0.005 0.004 0.041 0.016 
Ba VIII 1.420 0.004 0.008 0.002 0.003 0.001 0.002 <0.001 <0.001 <0.001 0.001 0.001 
La Vlll 1.160 0.05 O.Q7 0.02 O.D7 0.04 0.01 0.04 0.04 0.01 0.05 0.04 0.01 0.04 0.054 0.051 0.029 0.054 
Ce Vlll 1.143 0.08 0.11 0.02 0.10 O.D7 O.QI 0.07 0.08 O.DI 0.08 0.07 0.01 0.07 0.086 0.089 0.055 0.098 
Pr VJII 1.126 0.13 0.15 0.04 0.15 0.12 0.02 0.11 0.13 0.02 0.12 0.10 0.02 0.10 0.089 0.150 
Nd Vlll 1.109 0.19 0.21 0.06 0.21 0.17 0.03 0.17 0.19 0.03 0.18 0.15 0.03 0.15 0.187 0.136 0.140 0.210 
Sm VIII 1.079 0.31 0.33 0.14 0.34 0.30 0.06 0.29 0.32 0.06 0.31 0.25 0.08 0.26 0.291 0.331 0.230 0.260 
Eu VIII 1.250 0.29 0.32 0.10 0.26 0.06 0.30 0.06 0.00 0.28 0.08 0.00 0.373 0.230 0.310 
Gd VIII 1.053 0.42 0.44 0.16 0.45 0.39 0.07 0.40 0.41 0.07 0.42 0.36 0.10 0.35 0.270 0.300 
Tb VIII 1.040 0.47 0.50 0.16 0.50 0.44 0.08 0.45 0.45 O.D7 0.47 0.39 0.08 0.39 0.270 0.310 
Dy vm 1.021 o.5o 0.55 0.13 0.53 0.48 o.o8 0.48 o.so 0.06 0.50 0.43 0.09 0.42 0.442 0.412 o.3oo o.330 
Ho VIII 1.015 0.52 0.57 0.15 0.55 0.50 0.09 0.49 0.51 0.08 0.51 0.44 0.09 0.43 0.250 0.310 
Er Vlll 1.004 0.52 0.58 0.17 0.56 0.51 0.09 0.49 0.51 0.08 0.51 0.44 0.10 0.44 0.387 0.410 0.240 0.290 
Tm VIII 0.994 0.51 0.56 0.48 0.49 0.43 
Yb Vlll 0.985 0.49 0.54 0.18 0.55 0.47 0.09 0.46 0.48 0.07 0.47 0.42 0.11 0.41 0.430 0.413 0.220 0.280 
Lu VIII 0.977 0.47 0.52 0.16 0.53 0.45 0.11 0.44 0.46 0.08 0.45 0.39 0.10 0.40 0.433 0.425 0.180 0.280 
Hf VI 0.710 0.13 0.18 0.08 0.10 0.03 0.11 0.03 0.10 0.03 0.256 0.288 0.073 0.233 
Ta VI 0.640 0.005 0.029 0.020 0.004 0.003 0.005 0.003 0.003 0.002 0.000 
Pb Vlll 1.290 0.013 0.049 0.015 0.004 0.001 0.023 0.009 0.005 0.002 0.072 0.009 
Th VIII 1.050 0.005 0.028 0.013 0.007 0.004 0.006 0.004 0.002 0.001 0.012 0.0003 
U Vlll 1.000 0.007 0.052 0.032 0.054 0.022 0.007 0.005 0.002 0.001 0.010 0.0004 
Notes: 
All elemental oxide data determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. Data are wt%. 
Trace element data determined by Laser ablation-ICPMS, RSES, ANU. All data are ppm. 
Detection limits for EDS: Si02 <0.09Ti0 2 < 0.07 Al20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MgO <0.1 CaO <0.06 Na20 <0.12 1(,0 <0.04 
REE Calculated from the parabolic fit of the data. See equations in text. 
bdl - below detection limit 
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Preferred D Bindeman 
Coordination Ionic Kalkarinji DPlag DPlag DPlag D McKenzie eta/. 
Number in Radius D VROOI lstd error D VROO I WL039 1 std error D WL039 LBO II I std error D LBO II &O'Nions (1998) An67 D Dunn & Sen 
Element Plagioclase <Al plagioclase An68 uncertainty calculated An63 uncertainty Calculated An68 uncertainty calculated 1981 1400K 1993 
p IV 0.170 0.025 O.Q25 0.002 0.06 
Ca VIII 1.120 1.56 1.46 0.07 1.64 0.08 1.66 0.09 1.94 
Sc VI 0.745 0.029 0.024 0.004 0.030 0.006 0.033 0.006 0.11 
Ti IV 0.420 0.036 0.036 0.003 0.074 0.004 0.04 0.05 0.05-0.057 
v VI 0.640 0.024 0.022 0.002 0.043 0.007 0.026 0.002 0.022 -0.032 
Cr VI 0.615 0.008 0.007 0.002 0.017 0.004 0.037 0.010 0.036 0.075 
Co VI 0.650 0.030 0.030 0.005 0.091 
Ni VI 0.690 0.002 0.002 0.001 0.072 0.036 0.004 0.003 
Cu VI 0.730 0.002 0.002 0.001 0.011 0.006 0.002 0.001 
Ga IV 0.470 1.37 1.34 0.10 2.21 0.17 1.39 0.12 
Rb VIII 1.610 0,02 0.02 <0.01 1.64 0.14 0.03 0.01 0.1 0.027 0.0085 -0.02 
Sr VIII 1.260 1.86 1.72 0.08 3.86 0.19 2.00 0.09 2.00 2.011 1.40 -3.50 
y Vlll 1.019 0.007 0.006 0.002 0.005 0.014 0.004 0.011 0.007 0.003 0.009 0.047 0.01-0.038 
Zr IV 0.590 0.0003 0.0003 0.0002 0.0025 0.0010 0.0002 0.0001 0.001 0.0009 
Zr VI 0.720 
Nb IV 0.480 0.0005 0.0002 0.0001 0.0005 0.0003 0.0008 0.0004 O.QI 0.008 - 0.045 
Nb VI 0.640 
So VI 0.690 0.09 0.10 0.04 0.22 0.09 0.08 0.06 
Cs Vlll 1.740 0.006 0.006 0.004 0.59 0.19 0.023 0.017 0.022 - 0.067 
Ba VIII 1.420 0.24 0.20 O.QI 1.15 0.06 0.28 0.01 0.218 0.38- 1.45 
La VIII 1.160 0.050 0.049 0.007 0.046 0.121 0.012 0.108 0.056 0.009 0.054 0.27 0. 185 0.075-0.18 
Ce VIII 1.143 0.043 0.040 0.004 0.040 0.095 0.014 0.096 0.045 0.006 0.046 0.20 0.126 0.062 - 0.14 
Pr VIII 1.126 0.037 0.034 0.012 0.034 0.075 0.020 0.082 0.037 0.013 0.039 0.17 0.123 0.035-0.13 
Nd VIII 1.109 0.030 0.028 0.012 0.028 0.061 0.022 0.067 0.033 0.014 0.032 0.14 0.142 0.026-0.12 
Sm VIII 1.079 0.020 O.ot5 0.010 O.ot8 0.039 0.026 0.042 0.025 0.019 0.022 0.11 0.118 0.017-0.083 
Eu VIII 1.250 0.41 0.37 0.10 0.44 0.15 0.46 0.12 0.73 0.117 0.48-0.79 
Gd VIII 1.053 0.013 0.011 0.008 0.011 0.031 0.022 0.025 0.016 0.010 O.oi5 0.07 
Tb vm 1.040 0.010 0.008 0.006 0.009 0.018 0.013 0.019 0.013 0.010 0.012 0.06 0.04-0.061 
Dy Vlll 1.027 0.008 0.007 0.005 0.006 0.014 0.009 0.014 0.010 0.007 0.010 0.06 0.011 - 0.034 
Ho VIII 1.015 0.007 0.005 0.003 0.005 0.010 0.007 0.010 0.009 0.006 0.008 0.05 
Er vm 1.004 0.005 0.004 0.003 0.004 0.007 0.005 0.007 0.007 0.004 0.007 0.04 0.0053 - 0.019 
Tm VIII 0.994 0.004 0.003 0.006 0.006 0.003 0.006 0.04 
Yb Vlll 0.985 0.003 0.002 0.001 0.002 0.004 0.002 0.004 0.005 0.003 0.005 0.03 0.0041- 0.014 
Lu vm 0.977 0.003 0.002 0.001 0.002 0.003 0.002 0.003 0.004 0.002 0.004 0.03 
Hf IV 0.580 0.001 0.002 0.001 <0.001 <0.001 0.001 <0.001 0.01 
Hf VI 0.710 
Ta VI 0.640 0.004 0.003 0.002 0.011 0.006 0.005 0.001 0.027-0.11 
Pb vm 1.290 0.08 0.03 0.01 0.21 0.04 0.13 0.03 0. 36 0.27 0.18 - 1.07 
Th VIII 1.050 0.0004 0.0004 0.0003 0.0014 0.0011 0.0004 0.0001 0.05 0.13-0.19 
u Vlll 1.000 0.002 0.002 0.001 0.009 0.006 0.003 0.001 0.11 0.051-0.34 
Notes: 
All elemental oxide data determined by electron microprobe (Energy Dispersive Spectroscopy - EDS) at RSES, ANU . Data are wt%. 
Trace element data determined by Laser ablation-ICPMS, RSES, ANU. All data are ppm. 
Detection limits for EDS: SiO, <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 Fe0<0.09 MgO <0.1 CaO <0.06 Na20<0.12 K 20 <0.04 
I REE Calculated from the parabolic fit of the data. Equations in text. I 
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Chapter 8: Kalkarinji Mineral-Melt Partition Coefficients 
8.4.1: The Lanthanides (REE) & Y Partitioning for Clinopyroxene Microphenocrysts 
Figure 8.5 shows Kalkarinji basalt partition coefficients for four clinopyroxene 
microphenocrysts over a range ofMg#. 
Lu J 
Sm _ : 
-------------------------------------------------------- - ~ -------------------------
e D AR038-cpx Mg# 85 
• DvROOl-epx 
e DPL058-cpx 
D e WLOIS-cpx 
Mg# 82 
Mg#79 
Mg#73 
t 
' La 
0.01 ~~~~~~~~~--~~~~~~~~--~~~~~~~~~ 
0.8 0.9 1 1.1 1.2 1.3 
Ionic Radius (A) 
Figure 8.5: Ionic Radius (A) versus Partition Coefficients for Kalkarinji Basalt Clinopyroxene 
Microphenocryst REE and Y 
The REE and Y fall on a tight parabolic curve, which is a function of the ionic radius and the 
cation charge and relates directly to the size and elasticity of the crystal lattice site as a 
controlling factor, i.e. the lattice strain model ofBlundy & Wood, (1994). The maximum on the 
parabola represents the optimal size for the lattice site (Wood & Blundy, 1997; Blundy & 
Dalton, 2000). In addition, Schosnig & Hoffer (1998) report a compositional dependence of 
REE partitioning between clinopyroxene and melt. They state that partition coefficients for the 
REE and Y at 1 atmosphere are strongly controlled by the amount of tetrahedral co-ordinated 
Ae+ in clinopyroxene. The trivalent cations (REE & Y) substitute with Ca2+ on the M2 site. 
Rare earth elements in the trivalent oxidation state have a similar ionic radii to Ca2+ and readily 
substitute into Ca-rich pyroxene replacing Ca2+ in the M2 site, Wood & Blundy (1997). 
Figure 8.6 is a plot of Ca# (Ca/(Ca+Mg+Fe) versus Dee· 
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Figure 8.6: (Ca/(Ca+Mg+Fe) versus D-Ce. 
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In general, the higher the (Ca/(Ca+Mg+Fe) ratio, the lower the partition coefficient for Ce. 
(Ca/(Ca+Mg+Fe) is roughly inversely proportional to temperature, i.e. the higher the ratio, the 
lower the temperature and this is apparent in Figure 8.6, where there is a general trend towards 
microphenocrysts with lower Mg# (lowest temperature of crystallisation) having higher 
(Ca/(Ca+Mg+Fe) ratios. The small correlation between Ca and D could, in principle, be due to 
the direct crystal-chemical effect that the amount of Ca has on the size of the M2 site in 
clinopyroxene, temperature or the change of melt composition. Moreover, studies of 
crystal/liquid partitioning have shown that it is difficult to vary independently melt composition, 
crystal composition, temperature or pressure, hence it is not possible to disentangle their effects, 
O'Neill & Eggins (2002). Figure 8.7, a-d are regression plots where the log of the partition 
coefficient is plotted against the ionic radius. The equations for the regression plots are 
mentioned earlier. 
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cont ... 
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Figure 8. 7, a-d: Log D versus Ionic Radius (A) Regression Plots for individual Kalkarinji REE and 
Y. Yttrium is shown in red. 
The REE data fit to the regression curve with the exception of Y, which falls off the parabolic 
curve. Yttrium is not part of the Lathanide series, but is trivalent and has an ionic radii similar 
to Ho. This phenomenon is duplicated for all four clinopyroxene microphenocrysts and is 
unusual, as Y nominally behaves like a heavy REE. These diagrams show that Y, if 
extrapolated back to the curve, would behave like Dy or Tb. This feature does not appear to 
have been documented elsewhere in the literature and possibly is an artefact of analytical 
uncertainties. 
An important test for partition coefficients from natural systems is to compare the data with data 
from the literature. One of the limiting factors is the scarcity of coherent partition coefficient 
datasets, which span the breadth of trace elements needed for geochemical modelling and are 
appropriate to the conditions of tholeiitic basalt genesis. Figure 8.8 shows Kalkarinji data in 
green, compared to data from the literature (Table 8.4). In all instances, the literature data are 
either from different compositions or temperatures and pressures. 
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• D AR038-cpx Mg# 85 
e DvROOJ-cpx Mg# 82 
e DPL058-cpx Mg# 79 
e DWL015-cpx Mg# 73 
Lu 
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Figure 8.8: Kalkarinji Partition Coefficient Data for REE and Y compared to Data from the 
Literature. The source for the data is presented in Table 8.4. 
The LREE data determined here mostly replicates data from the literature. Kalkarinji HREE 
partition coefficients however, are slightly higher and only partially overlap the literature data. 
Figure 8.9 shows a comparison of clinopyroxene D values for selected trace elements and 
published data. 
0.01 
0.001 
This study 
1200°C 1 bar 
• Hart & Dunn ( 1993) Alkali basalt 
1380°C, 3 GPa, Experimental 
• Hauri et al ., (1994) High-alumina basalt 
1405°C, 1.7 GPa, Experimental 
• Green et al., (2000) 11 00°C, 3 GPa, 
Experimental 
Figure 8.9: Comparison of Kalkarinji clinopyroxene D values with data from the literature. The 
shaded area represents the span of Kalkariniji data. 
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The MREE (Gd to Dy) and HREE (Ho to Lu) Kalkarinji D values are slightly higher than the 
published results and are closer to the higher pressure data of Hart & Dunn (1993) and Hauri et 
al., 1994. The pressure at which the Kalkarinji clinopyroxenes crystallised is taken to be 1 
atmosphere (1 bar). 
8.4.2: Divalent Cations in Clinopyroxene 
Partition coefficients for divalent cations are plotted against ionic radius in Figures 8.10 and 
8 .11. The large divalent cations occupy the M2 site in Figure 8.10 and the smaller divalent 
cations occupy the M1 site in Figure 8.11. 
Here it is assumed that Eu is divalent in this case, however, it is more realistic to assume that Eu 
would be both divalent and trivalent, depending on the oxygen fugacity of the system. 
Europium has a higher D than Sr, because Eu3+ has a higher D than Eu2+. The ionic radii for the 
cations is for VIII-fold co-ordination except for Ni which is VI-fold and octahedral respectively, 
and don't fit the parabolic curve. The spread for Cu reflects the probable preference for square 
planar co-ordination sites, where four ligands are arranged around a cation in a geometric plane. 
At normal basaltic .f02, ( -QFM) Cu is more likely to be monovalent in clinopyroxene. 
Although Pb can be tetravalent, the divalent state is assumed here. 
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Figure 8.10 shows Kalkarinji data for large divalent cations in M2 site compared to a range of data 
from the literature. Data sources as shown in Table 8.4. 
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Figure 8.11 shows Kalkarinji data for small divalent cations in Ml site compared to a range of data 
from the literature. Copper is more likely to be monovalent at basaltic j02 (--QFM). Data sources 
as shown in Table 8.4. 
8.4.3: Trivalent Cations for Clinopyroxene (Ml-site) 
The trivalent cations c?+, V3+, Sc3+ and Ga3+ all adopt VI-fold co-ordination, are small and 
occupy the Ml site in clinopyroxene. Figure 8.12 shows trivalent cations compared to a range 
of data from the literature. 
100 
v 
• 
0.65 0.7 
Ionic Radius (A) 
e D AR038-cpx Mg# 85 
e DvROO 1-cpx Mg# 82 
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Figure 8.12 shows Kalkarinji data for trivalent cations in Ml site compared to a range of data from 
the literature. Data sources as shown in Table 8.4. 
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There is considerable spread for Kalkarinji Cr and V partition coefficients. The data for Cr 
from Hart & Dunn (1993) and Hauri et al., (1994) are considerably different (lower D values) to 
that of the Kalkarinji, and more closely approximate data from Matsui et al., (1977) not shown. 
The latter authors noticed that Cr3+ plots distinctly away from other trivalent cations, and 
suggested that this was due to crystal field effects. 
Crystal field effects relate to the stabilisation energy or configuration of d electrons of the metal 
ion. An energy separation or splitting of the d orbitals occurs with the d electrons closest to the 
cation having the highest stabilisation energy and those furthest away the lowest. For an 
octahedral site the 5d orbitals will split into three low energy (stable configuration) d orbitals 
and two higher energy d orbitals. Cr3+ has the highest stabilisation energy for the octahedral site 
because its three electrons are located in the three lowest energy d orbitals, which provide the 
most stable electronic configuration. It is because of these crystal field effects that trivalent 
transition metals deviate off a onuma diagram curve. 
Two Kalkarinji clinopyroxene analyses have high Cr contents (0.48 and 0.6 wt% Cr20 3) Table 
8.1. These values yielded high D values which were outside literature values. It is probable 
that these Cr-diopsides were not in equilibrium with the original magma and subsequently were 
not used to calculateD values. In addition, the Kalkarinji clinopyroxenes have much lower Al 
contents than the literature data, suggestive of low-pressure crystallisation. High AI contents 
can either be a function of higher pressures of generation or are typical of alkaline basalts. 
8.4.4: Tetravalent and Pentavalent Cations for Clinopyroxene 
Figure 8.13 shows Kalkarinji clinopyroxene data for tetravalent and pentavalent cations 
compared to a range of data from the literature. Tantalum and niobium are the two pentavalent 
cations. 
For the majority of the tetravalent and pentavalent cations, the Kalkarinji partition coefficients 
plot well within the range of published data in the literature, with the exception of one of the D 
values for Th and U. In addition, U can assume an hexavalent valency, but the tetravalent 
valence state (more common) is presented here. 
150 
10 
0.0001 0.3 
Chapter 8: Kalkarinji Mineral-Melt Partition Coefficients 
p 
• 
Mg#85 
e DvROOI-cpx Mg# 82 
e DPL058-cpx Mg# 79 
• 
0
wL015-cpx Mg# 73 
0 Range of natural and 
experimental data from the 
literature 
Ti 
Sn 
! 
Hf 
,, 
Zr 
~ ~ 
0.4 0.5 0.6 0.7 0.8 
Ionic Radius (A) 
u 
t Th ~ 
0.9 1.1 
Figure 8.13: Kalkarinji clinopyroxene data for tetravalent and pentavalent cations compared to a 
range of data from the literature. Range of natural and experimental data as shown in Table 8.4. 
8.4.5: REE & Y Partitioning for Plagioclase Microphenocrysts 
Plagioclase is an important mineral in basaltic magmas as it can exist as a near-liquidus phase 
and therefore exert a strong influence on the partitioning of the LREE. As for clinopyroxene, 
partition coefficients for plagioclase when plotted against the ionic radius of the cations of 
interest, form a parabolic curve, with the maximum at the site of the optimal substitution 
(Bindeman eta/. , 1998). Figure 8.14 shows partition coefficient data for REE for Kalkarinji 
Plagioclase microphenocrysts. 
The data are mostly within error of each other and can be fitted to the limb of a parabolic curve. 
The highest partition coefficients occur for the microphenocryst with the lowest An (Anorthite) 
number. 
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Figure 8.14: Ionic Radius (A) versus D's for Kalkarinji Plagioclase REE 
The Kalkarinji REE data is compared to data from the literature in Figure 8.15. Data from 
Bindeman et al., (1998), has been applied as least squares approximation parameters using their 
equation RT In (Di) = aXAn + b, where XAn = 0.67. 
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Figure 8.15: Kalkarinji plagioclase partition coefficient data for REE is compared to a range of 
data from the literature. Data sources as shown in Table 8.4. 
Although the Kalkarinji D's overlap with the published data, they plot conspicuously at the 
lower end of the scale. 
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8.4.6: Monovalent, Divalent & Trivalent Cations for Plagioclase T & M Sites 
Two cation sites exist in the feldspar structure, a large site with accomodates the larger cations, 
e.g. Na+, K+ and Ca2+, and a smaller site for cations with IV-fold co-ordination which controls 
the three-dimensional alumino-silicate framework, (Matsui et al., 1977). Figure 8.16 is a plot 
for monovalent and divalent cations. 
e DVROOI-fsp Ca 
e DWL039-fsp ? 
D i •• e LBOII-fsp 0 
0 Range of natural and Na 
.=: experimental data from the Q) literature ~ :§ 0.1 Ba 
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• ·a 
X 0.01 t Pb 0, u Ci Rb 
0.001 ! 
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0.6 0.8 1.2 1.4 1.6 1.8 
Ionic Radius (A) 
Figure 8.16: Kalkarinji microphenocryst plagioclase data for monovalent and divalent cations are 
compared to a range of data from the literature. Data sources as shown in Table 8.4. 
For the alkali earths and Pb, most of the cations fit reasonably closely to a parabolic curve, with 
the exception of Pb. In this diagram Pb does not fit to the curve, as it is in the tetravalent state 
(Pb4+). Two extreme (high) Dvalues for Rb and Cs cannot be explained and will not be used in 
any subsequent petrogenetic modelling. 
Figure 8.17 shows plagioclase microphenocryst data for divalent and trivalent cations compared 
to data from the literature. Where data is available, there is a reasonable match, with the 
exception of Co and Sc. 
153 
Chapter 8: Kalkarinji Mineral-Melt Partition Coefficients 
0.1 
>< J 0.01 
0.001 
0.0001 
0.3 
e DVROO 1-fsp 
e DWL039-fsp 
e DLBOll-fsp 
0 Range of natural and 
experimental data from the 
literature 
Cr 
0.4 0.5 0.6 
Ionic Radius (A) 
Ni 
0.7 
Sc 
0 
• 
0.8 0.9 
Figure 8.17: Ka1karinji microphenocryst plagioclase data for divalent and trivalent cations are 
compared to a range of data from the literature. Data sources as shown in Table 8.4. 
8.4. 7: Tetravalent and Pentavalent Cations for Plagioclase T & M Sites 
The data for the Kalkarinji tetravalent and pentavalent cations partition coefficients are shown 
in Figure 8.18. 
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Figure 8.18: Onuma diagram for Kalkarinji plagioclase partition coefficients for tetravalent and 
pentavalent cations compared to a range of data from the literature. Data sources as shown in 
Table 8.4. 
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In all cases except for Ti4+, Zr4+ (1 V) and Ta5+, the Kalkarinji D's are much lower than the 
published data. This may reflect the lower detection limits available with the high resolution 
Laser-ICPMS. 
8.5: USE OF PARTITION COEFFICIENTS TO TEST FOR CRYSTAL 
FRACTIONATION VERSUS ASSIMILATION AND FRACTIONAL 
CRYSTALLISATION (AFC) 
8.5.1: Introduction 
As documented in Chapter 5, the Kalkarinji basalts show marked trace element and LREE 
enrichment over a range of ~9 to 3 wt% MgO. It is uncertain over this range of MgO values, 
whether enrichment was associated with AFC (assimilation and fractional crystallisation) 
processes or (FC) fractional crystallisation alone. This can be easily constrained by using 
appropriate partition coefficients to establish whether fractional crystallisation alone can 
replicate the unaltered Kalkarinji values for a spectrum of trace and REE over the range of 
MgO. The partition coefficients for the Kalkarinji basalts are used as it has been demonstrated 
previously that they are similar to data from the literature and are appropriate for conditions of 
low pressure tholeiite evolution. 
By the use of mass balance calculations, it is possible to determine whether Fractional 
Crystallisation (FC) or Assimilation and Fractional Crystallisation (AFC) processes were 
involved. Major and trace element fractional crystallisation-only modelling was undertaken 
over the range of 9 to 3 wt% MgO using Genmix, a least squares regression computer program 
developed by R LeMaitre (1993)- Minpet- A Petrological Package. Copyright R.W. LeMaitre, 
Lochiel, Tasmania. Major element whole rock compositions were normalised to 100% 
(anhydrous) and were used over a range of five parent- daughter steps in order of decreasing 
MgO, where the parent liquid= daughter liquid+ fractionating crystals. Applying least-squares 
regressed data for parent-daughter fractionation steps over a range of 9 to 3 wt% MgO, it can be 
demonstrated that the observed geochemical evolution trends of the Kalkarinji basalts are 
consistent with crystal fractionation alone, i.e. no crustal assimilation is required to explain the 
trends. Figure 8.19 shows parent-daughter compositions for each crystal fractionation step. 
The proportions of the individual phases were derived using Genmix, a least squares regression 
program. 
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Figure 8.19: Parent-daughter compositions for each crystal fractionation step for the element 
Yttrium. 
MgO wt% values for parent and daughter compositions modelling fractionation only are shown 
in Figure 8.20 and provide the key for Figures 8.18 to 8.23. 
Fractionation (FC-only) 
MgOwr'/o MgOwr'/o 
Parent Daughter 
• 
step 1 9.0 7.6 
• 
step 2 7.1 6.0 
• 
step 3 6.0 5.5 
• 
step 4 5.5 4.4 
• 
step 5 4.4 3.1 
• 
Kalkarinji basalt- whole rock 
Figure 8.20: MgO wt% Values for Parent and Daughter Compositions for Kalkarinji basalts for 
steps 1-5. 
Figures 8.21 to 8.26 show the five parent - daughter steps for a range of trace elements 
superimposed on the least altered (fresh) Kalkarinji whole rock data. 
In all cases it is shown that the parent - daughter FC-only steps fall closely on a regression line 
fitted through the Kalkarinji data. This clearly demonstrates that at MgO values <9 wt%, the 
data are consistent with the operation of crystal fractionation processes only. This result is 
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consistent with Sr and Nd isotopic results obtained in Chapter 6 and implies that the crustal 
signature of the basalts was either acquired by crustal assimilation of picritic melts with > 10% 
MgO or is an inherited feature. 
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Figure 8.21: Modelled Fractionation-only Parent- Daughter Compositions for Rb and Sr 
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Figure 8.22: Modelled Fractionation-only Parent- Daughter Compositions for Ba and Nb. 
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Figure 8.23: Modelled Fractionation-only Parent- Daughter Compositions for La and Nd. 
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Figure 8.24: Modelled Fractionation-only Parent - Daughter Compositions for Yb and Zr. 
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Figure 8.26: Modelled Fractionation-only Parent- Daughter Compositions forTh and U. 
8.6: CONCLUSIONS 
10 
This chapter presents high quality Laser-ICPMS data for microphenocryst (clinopyroxene and 
plagioclase feldspar) compositions of high optical quality and groundmass (whole rock) 
compositions. Because microphenocrysts are a rare phase in the crystallising assemblage, 
crystal-liquid (mineral-melt) compositions can be determined. The data are generally in good 
agreement with literature values although the data mostly fall at the lower end of the range. The 
lower D values obtained for the Kalkarinji basalts are believed to be more reliable than some 
older data because of (a) lower detection limits associated with analytical measurements on the 
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Laser-ICPMS and (b) better spatial control using smaller spot sizes allows elimination of 
analyses contaminated by accessory minerals (e.g. apatite) or melt inclusions, something that 
was not possible in many earlier studies. 
A practical application for the measured mineral-melt partition coefficients can be applied to 
geochemical modelling of trace elements. It is shown that fractionation only, (i.e. no 
progressive AFC-style assimilation of crustal material) can reproduce the linear trends for 
various trace elements over a range of 3 - 9 wt% MgO. This is in agreement with geochemical 
and isotopic evidence presented in previous chapters. 
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CHAPTER 9: PETROGENESIS OF THE KALKARINJI LOW-Ti 
CONTINENTAL FLOOD BASALT PROVINCE 
9.1 INTRODUCTION 
It was shown in previous chapters that the Kalkarinji basalts incorporated a continental crustal 
component, as indicated by their geochemical and radiogenic isotopic signatures, together with 
an elevated o180 isotopic composition. High o180 values are typical of crustally contaminated 
igneous suites (Taylor, 1980). It is apparent that upper crustal material was a component that 
contributed significantly to the trace element and isotopic composition of the Kalkarinji basalts. 
Isotopic compositions and key crust-sensitive trace element ratios do not correlate with indices 
of crystal fractionation, e.g.87Sr/86Sr, o180 and Ba/Rb show negligible variation over a range of 
Mg#. This requires that the bulk of the crustal signature of the Kalkarinji basalts must have 
been acquired at compositions more primitive than 9 wt% MgO, or was a primary source 
feature. Furthermore, a ~ 12 wt% MgO melt inclusion in chromian spinel has the distinctive 
trace element signature characteristic of the Kalkarinji basalts, indicating that the enriched 
signature was already present in more magnesian precursor magmas. 
Crystal fractionation was the dominant process responsible for the chemical evolution of the 
basalts between 9 and 3 wt% MgO. However, subtle up-stratigraphic variations in crust-
sensitive trace element ratios, e.g. Ba/Rb, Nb/U, Nb/Ta and Th/U, are mirrored by shifts in 
isotopic ratios suggesting involvement of minor but measurable high-level crustal assimilation. 
Distinctive features of the Kalkarinji basalts are their depletion in the HFSE, notably Ti, P and 
Nb, relative to incompatible elements such as the LILE and LREE, and their considerably lower 
Fe0Mg#65 compared with other flood basalt suites. However, in comparison to the Ferrar-
Tasmania Province, the relative depletion in Ti is less pronounced. Controversy surrounds the 
origin of the HFSE depletions, and it has been argued that the depleted features are a 
characteristic ofthe mantle source (Hergt, 1989; 2000). 
Of considerable debate is the precise origin of the crustal signature in low-Ti continental flood 
basalts. In Chapter One the various mechanisms proposed for enrichment processes were briefly 
discussed. Of issue, is whether individual flood basalts are the result of contamination at crustal 
levels affecting asthenospheric partial melts or reflect a crustally-contaminated mantle source. 
In the case of crustal contamination of a parental magma, interaction may have taken the form 
of wholesale incorporation of the crust via bulk assimilation, or more selective contamination of 
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the primitive primary magma with a crustally-derived partial melt. In the case of source 
enrichment, a crustal component recycled into the mantle source region is required. 
Contamination of mafic magmas by assimilation of continental crust has long been recognised 
as an important process for the chemical modification of intrusive and extrusive rocks. For 
example, Carteret al. (1978) recognised that primary Nd and Sr isotopic compositions for some 
lavas from the Tertiary Volcanics of northwest Scotland had been substantially modified by 
interaction with the Precambrian Lewisian basement. Another example is the interaction 
between mafic magmas and overlying crust that has been recorded in the Irvea-Verbano Zone, 
Northern Italy, eg. Voshage et al. (1990), Sinigoi et al. (1994), Rivalenti & Mazzucchelli 
(2000). In this case, on the basis isotopic evidence, it has been argued that mantle magmas 
interacted with metapelite-derived melts. 
From a combined study of radiogenic and stable isotopes for the Roccamonfina volcano, Taylor 
(1980) concluded that assimilation must involve simultaneous crystallisation of cumulates. 
DePaolo, (1981) and Aitcheson & Forrest, (1994) expanded on this theme and provided a 
quantitative method for the evaluation of trace element and radiogenic and stable isotope 
behaviour by use of equations in systems where wall-rock assimilation is accompanied by 
fractional crystallisation. It is the quantification of crustal contamination of mantle-derived 
magmas that can provide a means for understanding the primary magma source and its initial 
chemical composition. 
Some authors dispute a role for crustal contamination processes in explaining the origin of 
crust-like geochemical signatures for mafic LIP provinces because it is argued that unrealistic 
amounts of crustal assimilation (~30%) are argued to be required. Hergt et al. (1989,1991) 
demonstrated that basalts of the Ferrar-Tasmania Province could be derived from a depleted 
mantle source contaminated by ~3 % subducted sediment. No direct contribution from the 
overlying continental crust is required in the model. Alternatively, Ellam & Cox (1991) and 
Chung & Jahn (1995) proposed that the distinctive trace element and isotopic enrichment for the 
picritic basalts of the Karoo and Emeishan flood basalt provinces could be derived by 
lithospheric contamination in the form of lamproite (alkaline) magmas. With these models in 
mind the genesis of the Kalkarinji flood basalt province will be evaluated by use of geochemical 
. 
and isotopic models. 
To evaluate how the Kalkarinji basalts acquired their geochemical and isotopic character, it is 
important to establish the chemical and isotopic composition of possible initial melt 
compositions, the nature of possible contaminants, and likely mechanisms by which the 
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contamination took place. Geochemical, isotopic and thermal constraints all need to be 
considered in development of a petrogenetic model for the origin of the Kalkarinji basalts. 
9.2 METHODOLOGY 
In this chapter it will be determined whether the distinctive geochemical and isotopic signature 
of the Kalkarinji basalts and dolerites can be produced by either a simple two-component 
mixing process or by more complex assimilation models described below. This will be tested 
using two-component mixing, e.g. (Langmuir et al. 1978), assimilation and fractional 
crystallisation (AFC) models (DePaolo, 1981; Aitcheson & Forrest, 1994) and thermal 
modelling methods (Energy Constrained Assimilation and Fractional Crystallisation, Spera & 
Bohrson, 2001; Bohrson & Spera, 2001 ). 
9.3 GEOCHEMICAL AND ISOTOPIC MODELLING 
9.3.1 Introduction 
Contamination of mafic magmas by assimilation of continental crust can be quantified using 
geochemical and isotopic mixing models. However, with the use of these models, it is 
necessary to estimate initial magma and assimilant compositions. A review of potential 
compositions is presented below. 
9.3.2 Choice of Crustal and Lithospheric Assimilants 
Various end-members of crustal and upper mantle origin are explored as potential contaminants 
of a Kalkarinji primary magma. These are listed below and the compositions presented in Table 
9.1: 
(i) Post Archaean average Australian Shale (PAAS) from Taylor & McLennan (1985) 
(ii) Global Average Lower and Upper Crust from McLennan (2001) 
(iii) Northern Australian (upper) felsic crust (NAFC) taken as a 15% trimmed mean of ~3000 
analyses from Geoscience Australia's OZCHEM database (unpublished data) 
(iv) Mantle lithospheric end-member represented by the average of two low-Ti lamprophyres 
from northern Australia (NAL TL) (Hanley, unpublished Honours Thesis, 1996) 
(v) Average metapelite (xenoliths) and middle crust from Rudnick & Fountain (1995) 
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Table 9.1: Major and trace element data for potential crustal end-member compositions 
Si02 
Ti02 
Ah03 
Cr20 J 
FeO, 
MgO 
CaO 
Na20 
K 20 
P20 s 
LOI 
Total 
Mg# 
Ti 
K 
p 
Sc 
v 
Cr 
Ni 
Co 
Cu 
G a 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
T a 
Pb 
Th 
u 
PAAS 
(Taylor & 
McLennan, 
1985) 
62.80 
1.00 
18.90 
0.02 
6.50 
2.20 
1.30 
1.20 
3.70 
0.160 
6.0 
99.90 
41 
5995 
30714 
698 
16.0 
150 
110 
55 
23.0 
50.0 
20.0 
160.0 
200 
27.0 
210 
19.0 
4.00 
15.0 
650 
38.0 
80.0 
8.9 
32.0 
5.6 
1.10 
4 .70 
0.77 
4.40 
1.00 
2.90 
0.40 
2.80 
0.43 
5.00 
20.0 
14.6 
3.1 
Average North 
Australian 
Felsic Crust 
(NAFC)* 
73.28 
0.38 
13.78 
0.00 
3.12 
0.70 
1.41 
2.33 
4.91 
0.103 
100.00 
67 
2278 
40760 
436 
7.8 
23 
23 
6.12 
8.10 
18.2 
199.0 
106 
39.8 
227 
8.4 
4.88 
7.8 
691 
59.6 
112.1 
11.9 
45.5 
8.0 
1.47 
6.69 
0.98 
5.89 
1.23 
3.30 
3.32 
0.54 
7.17 
0.70 
22.9 
26.6 
6.1 
Upper Crust Lower Crust 
(McLennan, (McLennan, 
2001) 2001) 
65.89 
0.68 
15.19 
0.01 
4.50 
2.21 
4 .20 
3.90 
3.37 
0.160 
100.11 
50 
4100 
27998 
700 
13.6 
107 
83 
44 
17.0 
25.0 
17.0 
112.0 
350 
22.0 
190 
12.0 
5.50 
4.6 
550 
30.0 
64.0 
7.1 
26.0 
4.5 
0.88 
3.80 
0.64 
3.50 
0.80 
2.30 
0.33 
2.20 
0.32 
5.80 
1.00 
17.0 
10.7 
2.8 
54.34 
0.97 
16.10 
0.03 
10.60 
6.30 
8.49 
2.80 
0.64 
100.27 
55 
5800 
5299 
35 .0 
271 
219 
156 
33.0 
90.0 
18.0 
12.0 
230 
19.0 
70 
6.7 
1.50 
0.5 
150 
11.0 
23 .0 
2.8 
12.7 
3.2 
1.17 
3.13 
0.59 
3.60 
0.77 
2.20 
0.32 
2.20 
0.29 
2.10 
0.73 
5.0 
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50304 
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1.19 
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34.6 
77.5 
9.6 
36.4 
6.1 
1.27 
4.45 
0.62 
3.47 
0.70 
1.90 
0.27 
1.72 
0.25 
5.81 
0.67 
12.5 
19.2 
4.0 
60.50 
1.00 
17.60 
0.02 
7.84 
3.12 
2.97 
2.40 
1.99 
0.120 
97.56 
45 
5995 
16519 
524 
23.0 
129 
135 
52 
26.0 
26.0 
51.0 
331 
44.0 
248 
21.0 
0.7 
730 
36.0 
71.0 
8.4 
32.0 
5.9 
1.48 
6.88 
1.05 
7.75 
1.60 
4.50 
4.43 
0.67 
6.88 
1.30 
12.3 
7.5 
0.6 
60.6 
0.7 
15.5 
0.01 
6.40 
3.4 
5.1 
3.2 
2 
0.1 
97.11 
48 
4196 
16686 
436 
22 
118 
83 
33 
25 
20 
17 
62 
281 
22 
125 
8 
2.4 
402 
17.0 
45.0 
5.8 
24.0 
4 .4 
1.5 
4 
0.58 
3.8 
0.82 
2.3 
2.3 
0.41 
4 
0.6 
15.3 
6.1 
1.6 
* 15% trimmed mean of ~3000 analyses of felsic crust across northern Australia, from OZCHEM database. 
Mg# = molar[Mg/(Mg+Fe)] for Fe20 3/Fe0 = 0.15 
Note: Data for NAFC from Geoscience Australia's OZCHEM database was obtained by sample preparation methods that involved 
grinding rock samples in a tungsten carbide mill. This results in contamination with both Ta and Co giving rise to anomalous Nbffa 
ratios. Although not used for geochemical modelling purposes, Ta values were estimated by using a Nbffa ratio for felsic crust of 
12 (from McLennnan, 2001). 
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Compared with other average crustal compositions, North Australian Proterozoic crustal rocks 
are distinctive (Wyborn et al., 1988) with significantly higher abundances of incompatible 
elements including Th, U, REE, Rb, K and lower abundances of some high field strength and 
compatible elements including Cr, Ni, Sc, V, Ti and P. 
The low-Ti lamprophyre composition has been included as a possible example of a mantle-
derived partial melt of probable lithospheric origin. This can be used to model a potential 
deep-sourced contaminant derived from more easily fusible, metasomatically overprinted 
portions of the sub-continental lithosphere, following the LIP - lamproite contamination models 
of Ellam & Cox (1991) and Chung & Jahn (1995). However, in the North Australian craton 
there are many geochemically diverse kinds of potassic lamprophyre and lamproite of presumed 
mantle lithosphere origin (Jaques et al., 1986- Argyle and Bow River; Duggan & Jaques, 1996 
-Tennant Creek; Sheppard & Taylor, 1992- Mt Bundy). Some of these compositions are high 
in Ti (e.g. West Kimberley lamproites) and are clearly not suitable contaminants for the 
Kalkarinji basalts, whereas other compositions, such as the one chosen here (NAL TL) are low 
in Ti and have crustal-like signatures. This diversity presumably reflects the heterogeneous 
nature of lithospheric enrichment processes (Menzies, 1992 ). 
The suitability of the potential contaminants listed above can be evaluated qualitatively using 
primitive mantle normalised diagrams to compare the distinctive Kalkarinji geochemical 
signature with that ofthe end-members (Figures 9.1 to 9.4). 
1000 --=-----------------------. 
• Upper Crust McLennan 2001 
o NAFC - north Australian 
felsic crust 
CsRbBaTh U KTa NbLaCeSr P NdHfZrSmTiDy Y 
Figure 9.1: Primitive mantle-normalised diagram for upper crustal rock compositions. Source for 
data in text. For NAFC, there is a reasonable match for the geochemical signature except for Cs 
and Sr. 
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Figure 9.2: Primitive mantle-normalised diagram for average metapelite and P AAS. Source for 
data in text. For PAAS, there is a reasonable match for the signature, except for Cs. However, the 
match for the metapelite composition is poor, especially for Ba, though better for Cs. 
1000 
o Lower Crust McLennan 
• Lower Crust Rudnick 
& Fountain 
CsRbBaTh U K TaNbLaCe Sr P Nd HfZrSmTi Dy YYbSc V 
Figure 9.3: Primitive mantle-normalised diagram for Lower Crustal compositions. Source for 
data in text. The lower crustal compositions are characteristically depleted in the LREE and do not 
appear to be suitable end-member contaminants. 
1000 --::::;-----------------------, 
o Middle Crust Rudnick 
& Fountain 
• Average lamprophyre 
NALTL 
CsRbBaTh U K TaNbLaCe Sr P NdHf ZrSmTi Dy YYbSc V 
Figure 9.4: Primitive mantle-normalised diagram for Middle crust and average North Australian 
low-Ti Iamprophyre (NALTL). Source for data in text. There is a reasonable match for both the 
Iamprophyre and the middle crust however, the latter has slightly lower abundances for the LREE. 
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The Average Upper and Middle crust, NAFC, PAAS, metapelite and the NALTL are enriched 
in the incompatible elements, have low P, Ti, Nb, Ta and Ba and have low Ba/Rb and Ba!fh 
ratios. These are features shared with the Kalkarinji basalts and could therefore, be suitable 
end-member compositions. 
Although enriched in incompatible elements, the metapelite (Figure 9.2) has relatively high 
Ba/Rb and Ba/Th, which is the opposite of that observed in the ,Kalkarinji basalts. Metapelites 
are variable in composition and the enrichment in Ba may indicate that this average was 
dominated by feldspar-rich metapelites. Conversely, ifRb was enriched relative to Ba, then this 
would suggest white mica (muscovite) enrichment in the rock (J Hermann, pers. comm. 2002). 
The metapelite composition shown is a global average of granulite facies and amphibolite facies 
metapelite xenoliths. At these high metamorphic grades, partial melting has probably removed 
the mica component leading to Rb loss (Rudnick & Fountain, 1995), as well as loss of other 
mobile incompatible elements including Cs, U and K ( cf. McLennan, 2001 ). A low Ba/Rb ratio 
is a characteristic signature of lower metamorphic grade crustal sedimentary rocks, e.g. PAAS 
and clay-rich pelitic sediments which are enriched in Rb and K. 
In Chapters 5 and 7 it was shown that Th!U ratios for the Kalkarinji basalts and dolerites are 
exceptionally high ( 4.0 - 8.5 with an average of ~6.5); in fact the Kalkarinji basalts have the 
most elevated Th!U ratios of all known continental flood basalt provinces. This requires either 
assimilation of continental crust with a high Th!U ratio or is a source-related feature. A typical 
Th/U value for the continental crust is~ 4 (McLennan, 2001) and for average north Australian 
felsic crust (NAFC) ~5. It is possible that the assimilant is depleted in U. Uranium depletion is 
typical of both lower and middle crustal rocks and U is readily mobilised during metamorphism. 
However, it was shown in Chapter 7 that the Kalkarinji basalts have relatively high U 
abundances (regressed to Mg#65) compared to most other flood basalt provinces, i.e. the 
Kalkarinji basalts do not have a U "depletion" signature, therefore a lower crustal source 
appears unlikely. 
Although NAFC has an overall Th!U ratio of ~5, individual suites of north Australian felsic to 
intermediate rocks have distinctive elevated Th!U ratios (Geoscience Australia's OZCHEM 
database). These areas include rocks from the Mount I sa, McArthur River, Tennant Creek, Pine 
Creek and Halls Creek regions of the North Australian Craton. A 15% trimmed mean Th/U 
ratio for the Mabel Downs tonalite in the Halls Creek region (close to Kalkarinji outcropping 
basalts) from ~30 analyses, gives a Th!U ~11 (average Th = 6.4 ppm and U = 0.56 ppm) which 
is considerably higher Th!U than the Kalkarinji basalts. Thus, regions in northern Australia 
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which contain felsic crust with elevated Th!U ratios could potentially be responsible for the 
elevated Th!U ratios shown by the Kalkarinji basalts. 
In contrast to the above, average lower crustal compositions lack relative enrichment in all the 
incompatible trace elements and REE. For the Upper and Middle Crust, NAFC, and PAAS, Cs 
is greatly enriched relative to the Kalkarinji basalts, lower crust and the metapelite. Caesium is 
the most highly incompatible element during mantle melting and easily lost even during low-
grade metamorphic events. However, as mentioned above, the average metapelite composition 
of Rudnick & Fountain (1995) appears to have lost Rb also. In contrast to the other crustal 
components, the lower crust is clearly depleted in the LREE and MREE, and as such is 
inconsistent with being a suitable assimilant. Suitable contaminant compositions for the 
Kalkarinji basalts therefore include average upper crust (McLennan, 2001) North Australian 
felsic crust (NAFC), the mica lamprophyre (NALTL) and PAAS, however, Cs is exceptionally 
high for P AAS. 
9.3.3 Trace Element Discrimination Plots and Two Component Mixing for Crustal and 
Mantle Resevoirs 
Trace element ratio bivariate plots provide an effective means for distinguishing between crustal 
and mantle geochemical end-member compositions. Figure 9.5 shows Kalkarinji basalts 
compared to the above crustal and mantle compositional components. Trace element ratios 
were selected in order to maximise the separation between mantle, crustal and Kalkarinji rocks, 
while minimising the effects of crystal fractionation. Average NMORB, EM ORB (enriched 
mid-ocean ridge basalt), OIB (oceanic island basalt), and primitive mantle (PM) compositions 
from Sun & McDonough (1989), PAAS (Post-Archaen average Australian shale, Taylor & 
McLennan, 1985), Archean, Post-Archean Lower Crust and Metapelite compositions (Rudnick 
& Fountain, 1995), Upper Crust (McLennan, 2001), 15% trimmed mean North Australian felsic 
crust (NAFC) from the OZCHEM database and a low-Ti lamprophyre from northern Australia 
(NALTL) are plotted for comparison, Figure 9.5a-d. 
Shown also are simple two-component mixing curves showing mixing relations between 
NMORB and a selection of possible crustal contaminants. Two-component mixing involves the 
interaction of two end-member components, e.g. mantle derived material with continental crust 
and assumes that the compositions of the final products are not modified by reactions or 
processes subsequent to mixing. 
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Mixing equations between the two end-member constituents (element XA and Y A for the initial 
magma compositon and element X8 and Ys for the assimilant) are taken from Faure (1986) and 
are shown as follows using the trace element ratio XIY: 
For a single element, the concentration ofY in the mixture, where YA and Y8 are concentrations 
of element Yin component A and B is: 
9-1 
where/is the fraction of YA and (1- f) is the fraction of Y8 . For two elements X andY, the 
ratio in the mixture between A and B is given by: 
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Figure 9.5a-d: Trace element discrimination plots for Kalkarinji basalts compared to mantle, 
crustal and lithospheric reservoirs. Mixing curves are shown for a NMORB source with selected 
crustal contaminants. Source for individual data in text. The red and green dots indicate high and 
low wt% MgO compositions for the Kalkarinji basalts and dolerites. The red lines indicate 10 and 
20% mixing 
The Kalkarinji basalts are clearly removed from the mantle components and are characterised 
by La!Sm, ~3-5, Th!La, ~0.3-0.5, Th!Nb, 0.8-1.6 and CeNb ~10-20. Simple two component 
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mixing curves shown for an NMORB source magma interacting with potential crustal end 
members indicates in most cases that ~20% crustal component mixing would be required. 
However, there are a range of compositions and no single end-member can generate the whole 
array of basalt compositions. 
For all diagrams, the Kalkarinji basalts plot at an intermediate point between the mantle 
reservoirs N-MORB and PM (primitive mantle), the lithospheric component, NALTL and the 
crustal reservoirs PAAS, average upper crust, NAFC and Post-Archean lower crust (possible 
contaminants), suggesting that any (or some combination) of these end members could be 
broadly responsible for the Kalkarinji compositions. In addition, while these diagrams suggest 
possible initial magma compositions they also serve to discriminate mantle compositions that 
are clearly unsuitable end-members, e.g. Figure 9.5d show that EMORB composition mixed 
with continental crust could not intercept the Kalkarinji array on a simple two component 
mixing curve. Moreover, Figures 9.5b,c and d further demonstrate the unsuitability of OIB as 
an initial magma. 
These diagrams also demonstrate the unsuitability of some crustal end-members, e.g. Figure 
9.5a,b and c show that Archaean lower crust does not lie on the mixing array. While in some 
cases Post-Archaean lower crust appears to be a suitable end-member composition and lies on 
some of the mixing curves, the primitive mantle normalised plot in Figure 9.3 clearly 
demonstrates the low LREE character of Post-Archaean lower crust, hence this composition 
could not account for the LREE-enriched crustal-like signature of the Kalkarinji basalts. 
9.3.4 Choice of Initial Magma Compositions 
In earlier chapters, it was established that crystal fractionation was the dominant process 
responsible for major, minor and trace element variation in the Kalkarinji basalts over the range 
9 and ~3 wt% MgO. However, within this range some elements such as Th and U could not be 
fully accounted for by fractionation alone (Table 5.2, Chapter 5) and subtle variation in trace 
element ratios such as Ba/Rb, Nb/U and Th!U was noted from older to younger flows up the 
stratigraphic column (Chapter 5, Figures 5.17 and 5.18). Although these observations suggest 
minor high-level crustal interaction associated with crystal fractionation, the characteristic 
crustal signature of the Kalkarinji basalts was already present in the most primitive 9 wt% MgO 
liquids and in even more magnesian liquids ( ~ 12 wt% MgO; Chapter 3). This suggests that the 
signature was acquired from crustal contamination of a more primitive, highly magnesian(> 12 
wt% MgO) primary liquid, or alternatively, that the signature is a source-related feature. 
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Picritic magmas are suitable compositions for a primary uncontaminated Kalkarinji liquid and 
are known from some oceanic intraplate mafic LIP's (Large Igneous Provinces) such as Cura<;ao 
and Iceland (Kerr et al., 1996; Revillon et al. , 1999). Because continental crust is absent in 
intraplate, oceanic environments, such high-degree, oceanic, intraplate, picritic melts are 
representative of primary uncontaminated initial liquid compositions (see Figures 9.6 and 9.7) 
and thus can be used to test whether crustal contamination processes alone are reasonable to 
explain the enriched isotopic and trace element signature characteristic of the Kalkarinji 
province. 
Figures 9.6 and 9,7 show average picrite compositions from Cura<;ao and Iceland. Shown in red 
are element abundances that approximate an average for picrite compositions from both 
locations. These will be used for subsequent modelling purposes. 
1000 
0.1 
- 2.5- 4x 
o Cur3 MgO = 15.26 wt% 
• Cur6 MgO = 23.05 wt% 
o Cur6iii MgO = 20.68 wt% 
• Cur7 MgO = 19.99 wt% 
t:. CurlS MgO = 22.06 wt% 
CsRbBaTh U K TaNbl.aCe Sr P NdHfZrSmTiDy YYbSc V 
Figure 9.6: Primitive mantle-normalised diagram showing Cura~ao picrites. Overlain in red is the 
initial magma composition based on incompatible element abundances -2.5 to 4x primitive mantle 
(pyrolite), McDonough & Sun (1995). Cura~ao data from Kerr et aL (1996). Primitive mantle 
normalising values from McDonough & Sun (1995). 
Figure 9.6 is a primitive mantle-normalised diagram showing Cura<;ao picrites from Kerr et al. 
(1996). Overlain in red is the modelled initial magma composition for minor and trace elements 
based on element abundances ~2.5 to 4 x primitive mantle (pyrolite), (values from McDonough 
& Sun, 1995). The modelled primary magma composition has ~15 wt% MgO. Major oxides 
are based on Curac;ao picrites with a composition of~ 15 wt% MgO, Kerr et al. (1996). 
Figure 9.7 shows primitive mantle-normalised Iceland picrites (and basalts for comparision) 
from Revillon et al. (1999). Overlain in red is the initial magma composition based on 
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smoothed minor and trace element abundances approximated by - 0.3x NMORB except for Rb 
and Sr. 
1000 
0.1 
o Pl picrite MgO =13.49 wt% 
• P2 picrite MgO =18.85 wt% 
o B 1 basalt MgO = 8.34 wt% 
• B2 basalt MgO = 5.88 wt% 
CsRbBaTh U K TaNbi.aCe Sr P NdHfZrSmTiDy YYbSc V 
Figure 9.7: Primitive mantle-normalised diagram showing Iceland picrites and basalts. Overlain 
in red is the initial magma composition with incompatible elements having abundances close to 
NMORB x 0.3. Iceland data from Revillon et al., 1999. Primitive mantle normalising values from 
McDonough & Sun (1995). 
Elemental abundances in Iceland (NMORB) picrite correspond to NMORB x0.3 (Sun & 
McDonough, 1989) for all trace and minor elements (Ti, K and P) except for Cr and Ni 
abundances which correspond to those of P2 Iceland picrite x0.7 (Revillon, et al., 1999). The 
major elemental oxides are calculated by adding -4% olivine to P1 picrite (Revillon, et al. , 
1999) to generate a -15 wt% MgO composition. Cura<;:ao picrite represents primitive mantle 
trace and minor element abundances x2.5 - 4 (McDonough & Sun, 1995). The major elemental 
oxides are based on Cur-3 from (Kerr et al., 1996). Table 9.2 shows the major elemental oxide 
and trace element data. 
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Table 9.2: Major elemental oxide and trace element data for primitive mantle (-2.5 to 4x) based on 
Cura~ao picrite data and NMORB (x 0.3) based on Iceland picrite data. 
Iceland (NMORB) Picrite Cura~taoPicrite 
Si02 47.41 48.52 
Ti02 0.36 0.61 
Al203 14.56 13.15 
Cr203 0.13 0.16 
FeO 8.80 9.74 
MgO 15.09 15.48 
CaO 12.31 10.28 
Na20 1.29 1.89 
K20 0.020 0.11 
P20s 0.035 O.o? 
Total 100.00 100.00 
Sc 31.6 42.1 
v 160 213 
Cr 1070 1081 
Ni 415 335 
Ga 8.0 10.7 
Rb 0.11 2.36 
Sr 31.8 66.4 
y 8.4 11.6 
Zr 22.2 32.9 
Nb 0.7 2.4 
Cs 0.002 0.084 
Ba 1.9 25.5 
La 0.75 2.32 
Ce 2.25 5.81 
Pr 0.40 0.86 
Nd 2.19 4.00 
Sm 0.79 1.27 
Eu 0.31 0.47 
Gd 1.11 1.63 
Tb 0.20 0.29 
Dy 1.37 1.93 
Ho 0.30 0.42 
Er 0.89 1.23 
Yb 0.92 1.15 
Lu 0.14 0.17 
Hf 0.51 0.91 
Ta 0.03 0.14 
Pb 0.09 0.67 
Th om 0.30 
u O.oJ 0.08 
Notes: 
Iceland (NMORB) picrite represents NMORB (Sun & 
McDonough, 1989) * --{).3 for all trace and minor elements (Ti, K 
and P) except for Cr and Ni which represent P2 Iceland picrite 
(Revillon, eta/., 1999) *0. 7. The major elemental oxides are 
calculated by adding -4% olivine to P 1 picrite to generate a 
composition of - 15 wt"/o MgO 
Cura~tao picrite represents primitive mantle trace and minor 
element abundances (McDonough & Sun, 1995) * 2.5- 4. The 
major elemental oxides are based on Cur-3 from Kerr eta/., 
1996. 
9.3.5 Trace Element Discrimination Plots and Two Component Mixing for selected initial 
magma compositions and crustal end-members 
Figure 9.8a-h shows two component mixing diagrams using the preferred initial liquid 
compositions (NMORB or Iceland picrite and Curayao picrite) from Table 9.2. 
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Figure 9.8a-h: Trace element discrimination plots for Kalkarinji basalts with two component 
mixing curves for preferred initial magma compositions for Cura\!aO picrite and Iceland NMORB 
picrite based on Cura\!ao and Iceland picrites and average upper crust composition of McLennan 
(2001) and average North Australian felsic crust (NAFC). 
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For the majority of the diagrams, trace element characteristics of the Kalkarinji basalts can be 
explained by ~10% mixing of either NMORB picrite or Curayao picrite and North Australian 
felsic crust. However, in some cases not all the data falls close to the mixing trajectory. The 
average global continental crust composition of McLennan (2001) requires mixing of ~15-20%. 
Although not shown, if plotted on Figure 9.8h, PAAS has a slightly lower Th/Nb ratio than 
global average upper crust, and as such, barely intersects the Kalkarinji data. The North 
Australian felsic crust therefore appears to be the most suitable crustal end-member component. 
Moreover, both picrite compositions require mixing of the same percentage (~10%) of North 
Australian crust and as such either could be suitable as an initial liquid composition for the 
Kalkarinji flood basalts. 
9.3.6 143NU44Nd and 87Sri6Sr Two Component Mixing 
9.3.6.1 Introduction 
Given that two end-member components can have different Nd and Sr concentrations and 
different 43Nd/144Nd and 87Sr/86 Sr ratios, it is possible to form a mixing hyperbola assuming 
simple mixing with no subsequent modification of the mixture. Mixing equations between the 
two end-member constituents are from Faure (1986) and are shown as follows for Nd (ppm) and 
43Nd/144Nd isotopic ratios, assuming A is the initial magma composition, B is the assimilant and 
M is the resulting mixture. 
( 
143
Nd) 
144Nd M 
( 
1
43Nd) ( 143Nd) ~ NdBf+ ~ NdA(l-f) 
Nd B Nd A 9.3 
9.3.6.2 143NU44Nd Two Component Mixing 
Figure 9.9a,b shows a two component mixing curve for 143Nd/14~d versus Nd (ppm) and the 
reciprocal of Nd (ppm) for Iceland NMORB picrite initial liquid composition and an average 
(508 Ma age corrected) Proterozoic crustal 143Nd/144Nd ratio and Nd (ppm) component. 
Neodymium (ppm) for Iceland NMORB picrite is 2.2, for the crustal assimilant, 45.5 ppm, 
143Nd/1~d for Iceland NMORB picrite 0.5124 (age corrected forT= 508Ma). For the crustal 
assimilant, the 143Nd/144Nd ratio (508 Ma) is taken as 0.5115. This composition was selected to 
have an average crustal 147Sm/14~d = 0.11 and yield a depleted mantle model age of ~1.8 Ga, 
the age of significant portions of the northern Australian basement in the Kimberley region 
(Griffin et al., 2000). The high Nd concentration of 45.5 ppm is based on Table 9.1, average 
North Australian Felsic Crust (NAFC) from Geoscience Australia's OZCHEM database. The 
Kalkarinji data in Figure 9.9 are shown in blue. 
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Figure 9.9a-b : Mixing hyperbola formed by two component mixing for NMORB picrite (initial 
liquid) and average Proterozoic felsic crust (assimilant) showing 143Nd/144Nd (508 Ma) versus NdM 
(ppm). Data for the Kalkarinji basalts are shown in blue. Shown as red dots are the most primitive 
Kalkarinji basalts and in green, the most evolved. The second diagram shows the reciprocal of Nd 
concentration, which plots as a straight line. Between 5-10% assimilation of felsic crust is required 
to reproduce the Kalkarinji isotopic signature assuming contamination of a ~15 wt% MgO picrite. 
The Kalkarinj i data define a linear array in Nd (ppm) space, that most likely reflects post-
contamination enrichment of Nd due to fractionation. Although the data do not plot on the 
mixing curve, suggesting operation of a more complex process than just simple mixing, the 
most primitive basalts ~8-9 wt% MgO plot closest to the mixing line. Assuming contamination 
of a picrite with ~15 wt% MgO, a projection back to the mixing trajectory indicates ~10% 
crustal contamination. This is consistent with trace element two-component mixing models. 
Isotopically enriched samples KBOO 1, PP004 and MROO 1 require a greater component of crustal 
assimilant composition. 
9.3.6.3 87Sri6Sr Two Component Mixing 
As previously noted, Sr abundances for the North Australian felsic crust are characteristically 
low compared to other crustal averages (Table 9.1), the average being ~105 ppm. However, 
localised mid-upper level compositions may have higher Sr abundances. When compared to the 
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Sr content of ~9 wt% Kalkarinji basalt (~150 ppm) the North Australian Felsic Crust 
composition clearly cannot be responsible for the Kalkarinji Sr abundances, even accounting for 
a reasonable degree of crystal fractionation. Moreover, 87Sr/86 Sr ratios for Australian 
Proterozoic crustal rocks are extremely variable, e.g. between 0.70787-2.36933 for granulites 
and gneisses from the Strangways range, Central Australia (Windrim & McCulloch, 1986) and 
0.73098-1.3608 for microgranites from the Mount Isa Inlier (Wyborn et al., 1988). Given the 
nature of this variability, it is not possible to ascribe a meaningful average 87Sr/86Sr ratio or Sr 
concentration for the North Australian Proterozoic crustal end-member. 
9.3.6.4 Combined 143NU44Nd and 87Sr/6Sr Two Component Mixing 
However, by assuming a range of possible Sr abundances and 87Sr/86 Sr ratios for the 
contaminant, it is possible to combine Nd and Sr isotopic data for the initial liquid composition 
to produce a mixing hyperbola for different values off, the mixing parameter using equation 
9.2. 
The initial magma composition is based on 508 Ma corrected MORB Mantle with a 143Nd/14~d 
= 0.5124 and 87Sr/86Sr = 0.7023. 87Srf6Sr values for both Australian Proterozoic and Archaean 
crust are highly variable and the compositions chosen merely represent potential assimilant 
compositions for given Sr concentrations along mixing trajectories as shown in Figure 9.10a,b, 
rather than actual crustal averages. While mixing for NMORB picrite initial liquid composition 
requires a 14~d/144Nd crustal composition with a depleted mantle model age of ~ 1.8 Ga (Figure 
9.9), Cura<;ao picrite requires a 143Nd/14~d crustal composition with a depleted mantle model 
age of ~2.6 Ga. The latter isotopic composition reflects inheritance of an older component in its 
genesis which is not inconsistent with many felsic crustal rock suites from northern Australia. 
Both Nd isotopic ratios reflect present day Proterozoic crustal ratios in the King Leopold and 
Halls Creek orogenic belts of the Kimberley region in northern Australia, (Griffin et al., 2000). 
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Figure 9.10: 143Nd/144Nd versus 87Sr/86Sr two-component mixing trajectories for initial liquid 
compositions and the crustal assimilant for varying Sr concentrations for two assumed ages of the 
assimilant - Proterozoic and Archaean crust. The Kalkarinji data are shown in blue. Although the 
end-member constituents represent average compositions, 87Sri6Sr values for both Proterozoic and 
Archaean Australian crust are highly variable and these compositions merely represent ratios 
which could be possible assimilants along the mixing trajectories. (a) Two component mixing 
curves for NMORB picrite with Proterozoic crust yielding a Nd depleted mantle model age = 1.8 
Ga for a range of Sr crustal compositions. Approximately 10% of crustal contamination is 
required. (b) Two component mixing curves for -9 wt% MgO Kalkarinji basalt initial liquid 
composition with Proterozoic crust yielding aNd depleted mantle model age= 2.6 Ga for a range of 
Sr crustal assimilant compositions for two-stage mixing for isotopically enriched sample MROOl. 
Approximately 20% assimilation of isotopically more evolved crustal material is required. 
It is shown in Figure 9.10a that approximately 10% contamination with Proterozoic felsic crust 
can reproduce the Kalkarinji basalt signature. The two samples with slightly enriched isotopic 
signatures, PP004 and KB001, fall along the same mixing curve, but require more assimilation, 
of the order of 25%. 
The most isotopically enriched Kalkarinji sample, the Mount Ramsay dolerite (MR001), may 
have experienced two stages of contamination. The first stage is the same as the other 
Kalkarinji basalts, but a second contamination stage at high crustal levels is indicated from field 
observation that this dyke contains abundant granitoid enclaves. Assuming an initial Kalkarinji 
basalt composition of ~9 wt% MgO, and using a range of Sr concentrations consistent with 
granitoids of the Early Proterozoic Halls Creek orogenic belt (Griffin et al., 2000), ~15-20% 
additional high-level crustal assimilation is required to explain the isotopic composition of this 
rock. Note that the Halls Creek orogenic belt is the area where the Kalkarinji basalts are at their 
thickest and is the presumed locus of magmatic activity. 
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9.3.6.5 Combined 143NU44Nd and cPO Two Component Mixing 
Figure 9.11 shows mixing relations between 143Nd/144Nd and o180%o. The 143Nd/144Nd ratio for 
the initial magma composition is 0.512440 and a ratio of 0.5115 has been assumed for the 
assimilant. The initial (parental) melt composition for 0180 is taken as the mantle value of 
5.7%o. o180 values for pelitic and argillaceous sediments are typically between 15 to 20o/oo 
(James, 1981), and for modelling purposes a o180 value for the crustal end-member of 15o/oo was 
selected here. 
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Figure 9.11: Two component mixing diagram for 143Nd/144Nd versus b180. The solid line is the 
mixing trajectory, the tick marks indicating the percentage of mixing involved. The Kalkarinji 
data are shown in blue. 
Figure 9.11 indicates that between 10-15% assimilation is required using the end-member 
parameters discussed above; slightly more contamination is required for the more isotopically 
enriched 14~d/144Nd samples, ~20 - 25%. Oxygen isotope data for isotopically enriched sample 
MR001 was not collected in the course of this study. 
9.3. 7 Assimilation and Fractional Crystallisation Modelling 
9.3. 7.1 Introduction 
Combined assimilation and fractional crystallisation is a process whereby a primary magma or 
parental liquid undergoes compositional change by assimilation of wall-rock materials. This 
process is accompanied by concomitant fractional crystallisation and may or may not involve 
magma recharge and loss. Mantle derived magmas may become contaminated with continental 
crust via anatectic partial melts or by bulk assimilation (and complete dissolution) of country 
rock material. The latter may occur in dyke conduits when the flow of magma is fully turbulent 
(Campbell, 1985). 
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Equations describing assimilation and fractional crystallisation were derived by DePaolo (1981) 
and further expanded upon by Aitcheson & Forrest (1994). In his 1981 paper, DePaolo 
introduced the following equations to describe simultaneous assimilation and fractional 
crystallisation for trace element abundances and isotope ratios. The equation describing trace 
element concentrations for assimilation and fractional crystallisation is as follows: 
C,~ = p-(r+D-1)/(r-1) + r c~ ( 1- p-(r+D-I)I(r-1)) 
Cm (r+D-1)Cm 9.4 
where c;• is the original element concentration in the magma, Cm is element concentration in 
the contaminated magma, F is the fraction of melt remaining, r is the rate of assimilation of 
crust/the rate of fractional crystallisation and D is the bulk distribution coefficient. For isotopic 
ratios, the equation is as follows 
r ca (1 p-z) cop-z 0 
-(--)- - Ea + m Em 
r-1 z 
9.5 
Em = r * Ca (1- p-z) + Co p-z 
(r+D-1) 111 
(r+ D-1) 
where z = -'----~ (r -1) 9.6 
This can also be written as: 
9.7 
where Em is the isotopic ratio in the contaminated magma, E:,, is the isotopic ratio in the 
original magma and E a is the isotopic ratio in the wall-rock melt. 
Aitcheson & Forrest (1994) further developed these equations to quantify the fraction of crust 
incorporated during assimilation and fractional crystallisation processes, to solve p (the mass 
fraction assimilated), where p = MaIM,~, and as defined by DePaolo (1981) Ma is the mass of 
crust assimilated and M,~ is the mass of the original magma. In the case of concentrations only, 
pin terms of equation 9.4 is as follows: 
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p = (_T_\ {[ c;,(r + D -1)- rCa l(r-1)/(r+D-1) -1} 
\r-1) Cm(r+D-1)-rCa · 9.8 
To describe pin terms of equation 9.7 
{ 
(r-1)/(r+D-1) } 
r 'A r+D-1 P = -- [1 + ( ) ] - 1 for r + D ¢ 1, r ¢ 1 
r -1 ry 
9.9 
0 c 
h 'l. • &m- &m d · a w ere ,... 1s an y 1s - . 
Co &m- &a m 
9.3. 7.2 Methods and Results -Assimilation and Fractional Crystallisation Modell 
Using the Assimilation and Fractional Crystallisation equations of DePaolo (1981), it is possible 
to model the trace element signature for the most primitive Kalkarinji basalt (MgO wt% = 9.0). 
This was achieved in both cases by using the initial melt compositions from section 9.2.2. It is 
possible to determine the relative proportions of fractionating phases required to give a best 
match for fractional crystallisation without assimilation from a ~ 15 wt% MgO parental liquid to 
a ~9 wt% MgO daughter liquid, using the MELTS program of Ghiorsio & Sack (1995). To 
reach a 9wt% MgO daughter composition both initial magma compositions (Iceland picrite and 
Curacao picrite) fractionate dominantly olivine with only minor chromian spinel, clinopyroxene 
and plagioclase. 
The preferred set of Kalkarinji basalt partition coefficients derived from measured values for 
plagioclase and clinopyroxene (Chapter 8) were used for AFC modelling. As fresh olivine was 
not found in the Kalkarinji basalts, either in thin section or by heavy mineral separation, 
partition coefficients for AFC modelling were obtained from the literature. For spinel, V and Cr 
partition coefficients were taken from Ringwood (1970); for olivine, Zr from Kennedy et al. 
(1993); Sc and Cr from Klock & Palme (1988); Ni from Duke (1976); Ga from Paster et al. 
(1974) and V from Gaetani & Grove (1997). Although chromian spinel was not directly 
extracted from Kalkarinji basalt, stream sediment samples containing Kalkarinji spinels were 
supplied by Ashton Mining Ltd and Rio Tinto Ltd and an average major element composition of 
these chromites were used. In the absence of fresh olivine, the approximate major element 
composition (Fo85) of equilibrium olivine compositions were calculated using the MELTS 
program. 
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The North Australian felsic crust (NAFC) and North Australian average low-Ti lamprophyre 
(NALTL) proved to be the most suitable end-member compositions. While NALTL does not 
represent a crustal contaminant end-member, it is possible that mantle magmas may have 
provided sufficient heat to mobilise these easily fusible, low degree partial melts from the 
refractory lithosphere, which are enriched in incompatible elements and the LREE. The results 
for the AFC calculations are provided in Tables 9.3, 9,4 and 9.5, using a Sr concentration for the 
North Australian Felsic Crust of 105 ppm. 
Modelling the isotopic character for the Kalkarinji basalts is less well constrained. As discussed 
earlier in section 9.3.6.2, 87 Srf!6Sr values for Proterozoic North Australian crust are highly 
variable and range between 0.707 to >2, hence it is difficult to assign an average 87Sr/86Sr ratio 
to North Australian Proterozoic crust. In addition, Sr abundances are characteristically low for 
the North Australian felsic crust however, however, some rocks with high Sr contents (although 
volumetrically insignificant in northern Australia) are present. To test the effects of variable Sr, 
three different Sr concentrations were used as imput parameters for assimilation and fractional 
crystallisation modelling and the Sr isotopic ratios reflect the best fit to the model. Strontium 
values for the crustal assimilant of 105 ppm (the average Sr value for the North Australian felsic 
crust), 225 ppm and 350 ppm, the latter being the global crustal average for Sr based on 
McLennan (2001), were adopted. Crustal Nd isotopic ratios also reflect the best fit for a match 
to the 9 wt% MgO Kalkarinji basalt. The isotopic compositions for the North Australian Low-
Ti lamprophyre are not known, hence are not included in Table 9.4. 
It is important to remember that these model calculations are simplistic one-step assimilation 
models, i.e. no account is taken of possible variations in r (mass assimilated/mass crystallised) 
and X (% crystallised) during the AFC, so r and X are essentially averages over the 15 wt% 
MgO to 9 wt% MgO step. 
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Table 9.3: Calculated AFC model compositions for modelled Cura~ao picrite with north 
Australian felsic crust (NAFC). 
North 
Cura~ao 
picrite 
Australian Kalkarinji Modelled 
Felsl·c Crust basalt MgO C . . clinopyroxene chromite plagioclase olivine D auLK om positiOn 
fNAFCl = 9·0 
observed calculated 
initialliquid assimilant product product 
Proportion of minerals crystallising 
Si02 
Ti02 
Al20 3 
Cr20 3 
FeO 
MgO 
CaO 
Na20 
K20 
P20s 
Total 
Sc 
v 
Cr 
Ni 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
87Srf86Sr 
48.52 
0.61 
13.15 
0.16 
9.74 
15.48 
10.28 
1.89 
0.11 
0.07 
100.00 
42.1 
213.2 
1081 
335 
10.7 
2.4 
66.4 
11.6 
32.9 
2.4 
0.084 
25.5 
2.32 
5.81 
0.86 
4.00 
1.27 
0.47 
1.63 
0.29 
1.93 
0.42 
1.23 
1.15 
0.17 
0.91 
0.14 
0.7 
0.3 
0.08 
(T=508 Ma) 0.702280 
143Nd/144Nd 
(T=508 Ma) 0.512440 
6' 80 6.0 
73 .28 
0.38 
13.78 
0.00 
3.12 
0.70 
1.41 
2.33 
4.91 
0.10 
100.00 
7.8 
23.2 
23 
6 
18.17 
199.0 
105.7 
39.8 
227.2 
8.4 
7.817 
691.3 
59.64 
112.D9 
11.93 
45 .54 
7.99 
1.47 
6.69 
0.98 
5.89 
1.23 
3.30 
3.32 
0.54 
7.17 
0.70 
22.9 
28.8 
6.05 
0.767000 
0.510900 
15.0 
52.15 
0.65 
16.30 
O.D7 
7.57 
9.11 
11.36 
1.94 
0.80 
0.066 
100.00 
34.1 
171.9 
470 
121 
13.08 
24.7 
150.2 
17.3 
66.0 
2.8 
0.363 
133.8 
8.13 
17.26 
2.20 
9.28 
2.36 
0.75 
2.65 
0.46 
2.88 
0.61 
1.71 
1.63 
0.25 
1.71 
0.18 
4.0 
3.2 
0.47 
51.31 
0.73 
16.13 
0.13 
8.82 
8.81 
11.22 
2.35 
0.41 
0.09 
100.00 
43.3 
207.2 
224 
61 
13.75 
19.5 
91.0 
17.3 
59.7 
3.7 
0.756 
89.5 
7.85 
16.55 
2.06 
8.72 
2.22 
0.70 
2.53 
0.43 
2.83 
0.61 
1.76 
1.66 
0.25 
1.72 
0.23 
2.7 
2.8 
0.60 
0.708562 0.708514 
0.511786 0.511773 
7.5 7.2 
(Mass assimilated/mass crystallised) r = 0.25 
% Crystallised X =20% 
Residual sum of squares = 2. 7 
0.2 
54.04 
0.22 
1.25 
0.50 
6.61 
20.69 
16.69 
0.00 
0.00 
0.00 
100.00 
2.61 
2.27 
25 .87 
2.62 
0.306 
0.003 
0.069 
0.515 
0.076 
0.010 
0.005 
0.004 
0.051 
0.083 
0.128 
0.186 
0.313 
0.294 
0.425 
0.470 
0.502 
0.518 
0.520 
0.494 
0.473 
0.129 
0.005 
0.013 
0.005 
0.007 
0.004 
0.05 
0.33 
27.29 
37.89 
23.28 
11.15 
0.00 
0.00 
0.00 
0.00 
100.00 
38 
77 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 0.786 
49.48 40.10 
0.00 0.00 
31.48 0.00 
0.00 0.00 
0.71 13.42 
0.10 45.73 
15.04 0.75 
2.99 0.00 
0.19 0.00 
0.00 0.00 
99.99 100.00 
0.03 
0.02 
0.008 
0.002 
1.370 
0.022 
1.860 
0.007 
0.0003 
0.001 
0.006 
0.237 
0.050 
0.043 
0.037 
0.030 
0.020 
Q.411 
0.013 
0.011 
0.008 
0.007 
0.005 
0.004 
0.003 
0.001 
0.004 
0.080 
0.0004 
0.002 
0.23 0.7031 
0.34 0.8735 
1.18 6.4096 
5.90 5.1614 
0.250 0.2714 
0.0007 
0.0323 
0.1030 
O.Dl5 0.0270 
0.0020 
0.0011 
0.0033 
0.0107 
0.0171 
0.0259 
0.0375 
0.0628 
0.0630 
0.0851 
0.0941 
0.1006 
0.1038 
0.1041 
0.0988 
0.0946 
0.0257 
0.0010 
0.0035 
0.0011 
0.0014 
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Table 9.4: Calculated AFC model compositions for NMORB picrite with north Australian felsic 
crust ~AFC). 
NMORB 
picrite 
North 
Australian 
Felsic Crust 
(NAFC) 
initialliquid assimilant 
Kalkarinji Modelled 
basalt MgO clinopyroxene chromite plagioclase olivine DsuLK 
= 9_0 Composition 
observed calculated 
product product 
Proportion of minerals crystallising 0.2 0.004 
0.05 
0.33 
26.93 
37.39 
22.97 
11.00 
0.00 
0.00 
0.00 
0.00 
98.67 
O.Dl 0.786 
Si0 2 
Ti02 
Ah03 
Cr20 3 
FeO 
MgO 
CaO 
Na20 
K20 
P20 s 
Total 
Sc 
v 
Cr 
Ni 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
87Srfl6Sr 
47.41 
0.36 
14.56 
0.13 
8.80 
15.09 
12.31 
1.29 
0.020 
0.035 
100.00 
31.6 
159.9 
1070 
415 
8.0 
0.1 
31.8 
8.4 
22 .2 
0.7 
0.002 
1.9 
0.75 
2.25 
0.40 
2.19 
0.79 
0.31 
1.11 
0.20 
1.37 
0.30 
0.89 
0.92 
0.14 
0.51 
0.03 
0.1 
0.0 
0.01 
(T=508 Ma) 0.702280 
143Ndf' 44Nd 
(T=508 Ma) 0.512440 
6.0 
73.28 
0.38 
13.78 
0.00 
3.12 
0.70 
1.41 
2.33 
4.91 
0.10 
100.00 
7.8 
23 .2 
23 
6 
18.17 
199.0 
105.7 
39.8 
227.2 
8.4 
4.150 
691.3 
59.64 
112.09 
11.93 
45.54 
7.99 
1.47 
6.69 
0.98 
5.89 
1.23 
3.30 
3.32 
0.54 
7.17 
0.70 
22.9 
26.6 
6.05 
0.72300 
0.511500 
15.0 
(Mass assimilated/mass crystallised) r = 0.45 
%Crystall ised =16% 
Residual sum of squares = 6.9 
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52.15 
0.65 
16.30 
O.D7 
7.57 
9.11 
11.36 
1.94 
0.80 
0.066 
100.00 
34.1 
171.9 
470 
121 
13.08 
24.7 
150.2 
17.3 
66.0 
2.8 
0.363 
133.8 
8.13 
17.26 
2.20 
9.28 
2.36 
0.75 
2.65 
0.46 
2.88 
0.61 
1.71 
1.63 
0.25 
1.71 
0.1 8 
4.0 
3.2 
0.47 
0.708562 
0.511786 
7.5 
50.25 
0.42 
16.93 
0.10 
7.80 
9.56 
12.89 
1.59 
0.41 
0.05 
100.00 
31.2 
147.5 
168 
97 
11.45 
31.1 
53.9 
15.8 
61.5 
2.1 
0.649 
109.9 
10.17 
20.09 
2.32 
9.63 
2.15 
0.58 
2.31 
0.38 
2.48 
0.54 
1.53 
1.57 
0.24 
1.71 
0.15 
3.7 
4.2 
0.96 
0.708577 
0.511752 
7.2 
54.04 
0.22 
1.25 
0.50 
6.61 
20.69 
16.69 
0.00 
0.00 
0.00 
100.00 
2.61 
2.27 
25.87 
2.62 
0.306 
0.003 
0.069 
0.515 
0.076 
0.010 
0.005 
0.004 
0.051 
0.083 
0.128 
0.186 
0.313 
0.294 
0.425 
0.470 
0.502 
0.518 
0.520 
0.494 
0.473 
0.129 
0.005 
0.013 
0.005 
0.007 
38 
77 
0.01 
0.01 
0.01 
O.Dl 
O.Dl 
0.01 
O.Dl 
0.01 
O.Dl 
O.Dl 
0.01 
0.01 
0.01 
49.48 
0.00 
31.48 
0.00 
0.71 
0.10 
15.04 
2.99 
0.19 
0.00 
99.99 
O.o3 
0.02 
0.008 
0.002 
1.370 
0.022 
1.860 
0.007 
0.0003 
0.001 
0.006 
0.237 
0.050 
0.043 
0.037 
0.030 
0.020 
0.411 
0.013 
0.011 
0.008 
0.007 
0.005 
0.004 
0.003 
0.001 
0.004 
0.080 
0.0004 
0.002 
40.10 
0.00 
0.00 
0.00 
13.42 
45.73 
0.75 
0.00 
0.00 
0.00 
100.00 
0.23 0.7031 
0.34 0.8735 
l.l8 6.4096 
5.90 5.1614 
0.250 0.2714 
0.0007 
0.0323 
0.1030 
0.0150 0.0270 
0.0020 
O.OOll 
0.0033 
0.0107 
O.Dl71 
0.0259 
0.0375 
0.0628 
0.0630 
0.0851 
0.0941 
0.1006 
0.1038 
0.1041 
0.0988 
0.0946 
0.0257 
0.0010 
0.0035 
O.OOll 
0.0014 
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Table 9.5: Calculated AFC model compositions for modelled Cura~ao picrite with north 
Australian Low-Ti average lamprophrye (NALTL). 
Average North Modelled 
Cura9ao 
picrite 
Australian Low- Kalkarinji Modelled 
basalt MgO clinopyroxene chromite plagioclase olivine DsuLK Ti lamprophyre Composition 
NALTL = 9·0 
observed calculated 
initial liquid assimilant product product 
Proportion of minerals crystallising 
Si02 
Ti02 
AhOJ 
Cr20 3 
FeO 
MgO 
CaO 
Na20 
K20 
P20s 
Total 
Sc 
v 
Cr 
Ni 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
48.52 
0.61 
13.15 
0.16 
9.74 
15.48 
10.28 
1.89 
0.107 
0.069 
100.00 
42.1 
213.2 
1081 
335 
10.7 
2.4 
66.4 
11.6 
32.9 
2.4 
0.084 
25.5 
2.32 
5.81 
0.86 
4.00 
1.27 
0.47 
1.63 
0.29 
1.93 
0.42 
1.23 
1.15 
0.17 
0.91 
0.14 
0.7 
0.3 
0.08 
54.38 
1.09 
16.93 
0.10 
8.76 
9.14 
2.50 
0.14 
6.61 
0.36 
100.00 
27.2 
132.3 
634 
201 
16.30 
158.8 
139.0 
20.0 
233.7 
10.7 
4.950 
873.7 
34.64 
77.45 
9.62 
36.42 
6.09 
1.27 
4.45 
0.62 
3.47 
0.70 
1.90 
1.72 
0.25 
5.81 
0.67 
12.5 
19.2 
4.02 
(Mass assimilated/mass crystallised) r = 0.31 
%Crystallised= 21% 
Residual sum of squares = 5.8 
52.15 
0.65 
16.30 
O.o? 
7.57 
9.11 
11.36 
1.94 
0.80 
0.066 
100.00 
34.1 
171.9 
470 
121 
13.08 
24.7 
150.2 
17.3 
66.0 
2.8 
0.363 
133.8 
8.13 
17.26 
2.20 
9.28 
2.36 
0.75 
2.65 
0.46 
2.88 
0.61 
1.71 
1.63 
0.25 
1.71 
0.18 
4.0 
3.2 
0.47 
50.36 
0.79 
16.51 
0.13 
9.11 
8.94 
11.21 
2.21 
0.63 
0.11 
100.00 
44.8 
213.8 
204 
55 
14.16 
21.9 
99.6 
16.5 
69.1 
4.3 
0.697 
136.6 
7.06 
16.54 
2.23 
9.32 
2.30 
0.73 
2.52 
0.43 
2.77 
0.59 
1.72 
1.61 
0.24 
1.83 
0.25 
2.3 
2.7 
0.57 
0.2 
54.04 
0.22 
1.25 
0.50 
6.61 
20.69 
16.69 
0.00 
0.00 
0.00 
100.00 
2.61 
2.27 
25.87 
2.62 
0.306 
0.003 
0.069 
0.515 
0.076 
0.010 
0.005 
0.004 
0.051 
0.083 
0.128 
0.186 
0.313 
0.294 
0.425 
0.470 
0.502 
0.518 
0.520 
0.494 
0.473 
0.129 
0.005 
0.013 
0.005 
0.007 
0.004 
0.05 
0.33 
27.29 
37.89 
23.28 
11.15 
0.00 
0.00 
0.00 
0.00 
100.00 
38 
77 
0.01 
0.01 
O.Ql 
0.01 
0.01 
0.01 
O.Ql 
0.01 
0.01 
O.Ql 
0.01 
0.01 
0.01 
0.01 
49.48 
0.00 
31.48 
0.00 
0.71 
0.10 
15.04 
2.99 
0.19 
0.00 
99.99 
0,03 
0.02 
0.786 
40.10 
0.00 
0.00 
0.00 
13.42 
45.73 
0.75 
0.00 
0.00 
0.00 
100.00 
0.23 0.7031 
0.34 0.8735 
0.008 1.18 6.4096 
0.002 5.90 5.1614 
1.370 0.250 0.2714 
0.022 0.0007 
1.860 0.0323 
0.007 0.1030 
0.0003 0.0150 0.0270 
0.001 
0.006 
0.237 
0.050 
0.043 
0.037 
0.030 
0.020 
D.411 
0.013 
0.011 
0.008 
0.007 
0.005 
0.004 
0.003 
0.001 
0.004 
0.080 
0.0004 
0.002 
0.0020 
0.0011 
0.0033 
0.0107 
0.0171 
0.0259 
0.0375 
0.0628 
0.0630 
0.0851 
0.0941 
0.1006 
0.1038 
0.1041 
0.0988 
0.0946 
0.0257 
0.0010 
0.0035 
0.0011 
0.0014 
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9.3. 7.3 Discussion 
The best fit to the regressed Kalkarinji basalt has an r value (r = mass assimilated/mass 
crystallised) of 0.25 ( ~5% assimilation) for the modelled Cura~ao picrite with NAFC, 0.31 
(~7% assimilation) for modelled Cura~ao picrite with NALTL and 0.45 (~7% assimilation) for 
NMORB picrite with NAFC. It is widely assumed that the thermal budget required for 
assimilation is supplied from the latent heat of crystallisation of cumulates, and therefore r 
should be less than 1 on average. Using MELTS modelling, Reiners et al., (1995) demonstrated 
that r may be substantially greater than unity during the early stages of isenthalpic AFC 
(constant heat) at temperatures between 1230°C and 1100°C, allowing 5 to 18% assimilation 
relative to the initial mass of the magma, with approximately 3 to 7% crystallisation. Once the 
wallrock heats up to its solidus and an anatectic melt is formed, the composition of the magma 
changes, leading to suppression of pyroxene and plagioclase crystallisation with olivine being 
the only cumulus phase. Eventually, once pyroxene and plagioclase saturation levels are 
achieved, r decreases (<1) and crystallisation exceeds assimilation. Their model effectively 
explains how large amounts of assimilation can occur prior to extensive crystal fractionation, 
while preserving and maintaining the heat budget. Early assimilation in magma chambers (or 
magma sills) allows time for subsequent homogenisation of the wallrock or an anatectic melt 
into the magma. 
More recently, Edwards & Russell (1998) presented a computational model predicting the 
effects of time-dependent, isenthalpic assimilation and fractional crystallisation. They showed 
that dissolution rates for assimilated crust are mineral specific and that mineral dissolution rates 
are not constant, indicating that the composition of the assimilant will vary as a function of 
time. The dissolution rate for phlogopite for example, is considerably higher than quartz. 
Moreover, as temperature drops, the reaction rates for all minerals decrease. In agreement with 
Reiners et al. (1995) they predicted that at the start of assimilation and fractional crystallisation, 
r can greatly exceed 1 and F (melt fraction) will also be high. In addition, higher solidus 
temperatures have the effect of raising the value of both r and F. In a dynamic system, where 
magma loss through eruption and recharge is operative, the values of r will therefore constantly 
change. However, both Reiners et al. (1995) and Edwards & Russell (1998) provided evidence 
that the highest rates of assimilation are likely to occur at the very onset of AFC processes. This 
provides an effective means for incorporating continental crust into a basaltic magma. 
In order to reproduce the Kalkarinji signature, the Cura~ao initial liquid composition (Sr = 66 
ppm) requires 143Nd/14~d and 87Sri6Sr ratios which have an inherited Archaean component. In 
contrast, the NMORB picrite (Sr = 32 ppm) requires a purely Proterozoic Sr and Nd isotopic 
ratio. 
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It was recognised in Chapter 6 and also in this Chapter, that initial 87SrP6Sr values compared to 
initial ENd showed greater variability and that this might reflect variable Rb/Sr ratios in the 
crustal assimilant. Considering the dynamics of AFC processes in a magma chamber or magma 
sill, where compositional and thermal parameters are constantly changing in response to 
assimilation and crystal fractionation (removal of phases) and to recharge of new material, it can 
be expected that the Dsr will vary through the course of assimilation. This is especially 
dependent on the extent to which plagioclase is a fractionating phase (DePaolo, 1981 ). As 
noted by Reiners et a!. (1995) at the onset of assimilation, plagioclase crystallisation is initially 
suppressed until plagioclase saturation levels are eventually reached. 
9.3. 7.4 Trace Element Modelling 
Figures 9.12 to 9.17 shows primitive mantle and chondrite-normalised REE patterns for the 
initial liquid composition, the crustal assimilant, the calculated product and the ~9 wt% MgO 
Kalkarinji basalt. 
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Figure 9.12: Primitive mantle-normalised plot for modelled Cura~ao picrite with NAFC (North 
Australian felsic crust). Normalising values from McDonough & Sun (1995). 
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• modelled Cura~tao picrite 
• assimilant NAFC 
• Kalkarinji basalt MgO 9_0 
• modelled composition 
• • : • 
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Figure 9.13: Chondrite-normalised plot for modelled Cura~ao picrite with NAFC (North 
Australian felsic crust). Normalising values from McDonough & Sun (1995). 
1000 
'"0 
(1) 
- ~ 
"<; 
§ 
0 
s::: 
(1) 
~ 
~ 
(1) 
-~ 
.-:::: 
s 
·c 
~ 
100 
10 
0.1 
0.01 
• N- MORB Picrite 
• assimilant NAFC 
• Kalkarinji basalt Mg0 9_0 
• modelled composition 
CsRbBaTh U K TaNbLaCe Sr P NdHfZrSmTiDy YYbSc V 
Figure 9.14: Primitive mantle-normalised plot for NMORB picrite with NAFC (North Australian 
felsic crust). Normalising values from McDonough & Sun (1995). 
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• N- MORE Picrite 
• assimilant NAFC 
• Kalkarinji basalt MgO 9_0 
• modelled composition 
• • • • • • • • • 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Figure 9.15: Chondrite-normalised plot for NMORB picrite with NAFC (North Australian felsic 
crust). Normalising values from McDonough & Sun (1995). 
• modelled Curayao picrite 
e assimilant NAL TL 
• Kalkarinji basalt Mg0 9_0 
• modelled composition 
CsRbBaTh U K TaNbLaCe Sr P NdHfZrSmTiDy YYbSc V 
Figure 9.16: Primitive mantle-normalised plot for modelled Cura~ao picrite with NALTL (North 
Australian low-Ti lamprophyre). Normalising values from McDonough & Sun (1995). 
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• modelled Cura~ao picrite 
• assimilant NAL TL 
• Kalkarinji basalt Mgo 9.0 
• modelled composition 
• • • • • • • • • 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Figure 9.17: Chondrite-normalised plot for modelled Cura~ao picrite with NALTL (North 
Australian low-Ti lamprophyre). Normalising values from McDonough & Sun (1995). 
The initial magma composition is shown in black, the assimilant in red, the ~9 wt% MgO 
Kalkarinji basalt in blue and the modelled (calculated) composition in green. For both initial 
liquid compositions and possible contaminants, the geochemical characteristics of the Kalkarinji 
basalt is quite closely reproduced. However, the NAFC assimilant has elevated Cs relative to 
Rb, similar to the upper crust of McLennan (200 1 ), Figure 9.3. It is possible that Cs being the 
most incompatible element and highly soluble in aqueous fluids was preferentially lost during 
low-grade burial metamorphism of the crustal end-member. In all cases, there is a poor fit for 
Sr compared to the Kalkarinji basalt, with modelled compositions being too low. As discussed 
above, the North Australian felsic crust has notably lower Sr values than those suggested for 
average upper continental crust, i.e. 350 ppm, versus the NAFC average of ~105 ppm. 
Modelling shows (Figures 9.12 to 9 .17) that the highly incompatible elements are strongly 
controlled by the composition of the assimilant, and changing the initial liquid compositions for 
these elements produces little change. The best fit to the Kalkarinji basalt composition for AFC 
modelling is given by the modelled Cura9ao picrite contaminated with NAFC. The average 
Low-Ti lamprophyre was included to demonstrate that this particular composition could account 
for the trace element signature required for the Kalkarinji basalts. However, Si02 values are too 
low and P levels are too high to give an acceptable match. While lamprophyres are 
volumetrically insignificant partial melts of the lithosphere, this does not preclude some 
influence of these easily fusible, low-degree partial melts if the Kalkarinji parental magma or 
source material interacts with the subcontinental lithosphere. From the AFC mixing equations, 
it is apparent that either of the two initial liquid compositions will generate a basalt with the 
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relative HFSE depletions (e.g. Ti and P) that are a characteristic feature of many low-Ti flood 
basalt suites. 
It has been argued that the low HFSE abundances observed in some flood basalt provinces, e.g. 
the Ferrar Province, Hergt et al. (1991) are an inherited source feature. This appears to be true 
also for the Kalkarinji province. If a geologically unreasonably low Ti02 value was used in 
AFC modelling for the assimilant, e.g. Ti02 = 0.0001 wt%, and a higher value for the initial 
liquid, e.g. Ti02 = 0. 7 wt%, it is impossible to bring the Ti02 content of the calculated product 
to the low levels observed for the Kalkarinji basalts. Accordingly, the low-Ti signature must be 
an inherited feature from the primary mantle source. However, a highly depleted mantle source 
is not necessary to explain the Ti02 content of Kalkarinji suite. For a ~9 wt% MgO Kalkarinji 
liquid, Ti02 is ~ 0.65 wt%, which compares to a value for the Iceland (NMORB) picrite of 0.42 
wt% and the Cura<;:ao picrite of 0.73 wt%. The parent melt composition required to match the 
Kalkarinji basalt Ti content is intermediate between these compositions. 
9.3. 7.5 Sr and Nd Isotope Modelling 
Assimilation and fractional crystallisation modelling for both initial parental liquids using a 
range of Sr concentrations for the crustal assimilant are shown in Figures 9.18 and 9.19. For 
both diagrams, changing the concentrations of Sr results in an array of potential crustal end-
member 87Sr/86Sr components . 
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Figure 9.18: Initial 143Nd/144Nd versus 87Sri6Sr for the Kalkarinji basalt and dolerites, showing 
mixing curves for Iceland NMORB picrite using variable Sr concentrations and Proterozoic model 
Nd crustal compositons. Values of r (mass assimilated/mass crystallised) are indicated for the main 
array of data and for the two slightly more enriched samples. 
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Figure 9.19: Initial 143Nd/144Nd versus 87Sr/86Sr for the Kalkarinji basalt and dolerites, showing 
mixing curves for Cura~ao picrite using variable Sr concentrations and model Nd crustal 
compositions with Archaean inheritance . Values of r (mass assimilated/mass crystallised) are 
indicated for the main array of data and for the two slightly more enriched samples. 
The values of r (mass assimilated/mass crystallised) are shown for both the contaminated 
Cura<;ao and Iceland NMORB initial liquid compositions. The modelling predicts that the 
Cura<;ao picrite in general, requires a lower r value than Iceland (NMORB) picrite. In 
agreement with the two-component mixing equations in section 9.3 .6.3, the isotopically 
enriched samples KBOO 1 and PP004 require a higher proportion of assimilation. 
Sample MR001, is notable for not lying on either of the mixing trajectories (with the exception 
in Figure 9.18 of one potential assimilant composition which appears coincidentally to have the 
same isotopic composition as MR001). This particular sample has an identical geochemical 
signature to the other Kalkarinji basalts (with the exception of U which is elevated for this 
sample). This sample has most likely assimilated continental crust of different isotopic 
composition during a second stage of contamination, consistent with field observations reveal 
enclaves of granitic material in this dolerite. The latter is consistent with turbulent/laminar flow 
along a conduit resulting in assimilation of wall-rocks. This process can be modelled assuming 
an initial magma composition of -9 wt% MgO Kalkarinji basalt. Figure 9.20 shows mixing 
trajectories for varying Sr (ppm) values and results are tabulated in Table 9.6. 
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Figure 9.20: 143Nd/144Nd versus 87Srf!6Sr for isotopically enriched sample MROOl showing mixing 
curves for 9 wt% MgO Kalkarinji basalt using variable Sr (ppm) concentrations and assuming 
two-stage mixing, the second-stage crustal component having Archaean inheritance. Value of r 
(mass assimilated/mass crystallised) is indicated. 
The above diagrams show that depending on the Sr (ppm) abundance in the assimilant, 87Srt6Sr 
( for the assimilant) varies between 0.770 to 0.880, consistent with the range of Sr isotopic 
compositions of granitoids from the Halls Creek mobile belt (the region where the Kalkarinji 
basalts are thickest). 
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Table 9.6: Calculated AFC model compositions for 9 wt% MgO Kalkarinji basalt with north 
Australian felsic crust (NAFC_} to generate isotopically enriched sample MROOl for Sr (p_pm}_ = 105. 
North Isotopically 
Kalkarinji 
basaltMgO 
- 9wt% 
Australian enriched 
Felsic Crust sample 
Modelled 
clinopyroxene chromite plagioclase olivine DauLK Composition 
(NAFC) MR001 
observed calculated 
initialliquid assimilant product product 
Proportion of minerals crystallising 
Si02 
Ti02 
AI20 3 
Cr20 J 
FeO 
MgO 
CaO 
Na20 
K20 
P20 s 
Total 
Sc 
v 
Cr 
Ni 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
87Srf86Sr 
52.15 
0.65 
16.30 
O.o7 
7.57 
9.11 
11.36 
1.94 
0.80 
0.066 
100.00 
34.1 
171.9 
470 
121 
13.1 
24.7 
150.2 
17.3 
66.0 
2.8 
0.363 
133.8 
8.13 
17.26 
2.20 
9.28 
2.36 
0.75 
2.65 
0.46 
2.88 
0.61 
1.71 
1.63 
0.25 
1.71 
0.18 
4.0 
3.2 
0.47 
(T=508 Ma) 0.707760 
J43Ndf144Nd 
(T=508 Ma) 0.511792 
73.28 
0.38 
13.78 
0.00 
3.12 
0.70 
1.41 
2.33 
4.91 
0.10 
100.00 
7.8 
23 .2 
23 
6 
18.17 
199.0 
105.7 
39.8 
227.2 
8.4 
7.817 
691.3 
59.64 
112.o9 
11.93 
45.54 
7.99 
1.47 
6.69 
0.98 
5.89 
1.23 
3.30 
3.32 
0.54 
7.17 
0.70 
22.9 
26.6 
6.05 
0.88000 
0.510900 
(Mass assimilated/mass crystallised) r = 0.2 
% Crystallised =40% 
Residual sum of squares = 1.02 
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55.07 
1.00 
15.85 
0.10 
9.11 
6.08 
8.92 
2.52 
1.20 
0.154 
100.00 
28.7 
173.0 
88 
108 
16.10 
52.2 
148.2 
29.1 
125.0 
9.3 
1.930 
217.0 
22.89 
45.51 
5.37 
20.81 
4.39 
1.06 
4.51 
0.76 
4.66 
0.98 
2.80 
2.77 
0.43 
3.25 
0.65 
8.0 
10.6 
2.69 
55 .69 
0.95 
16.03 
0.00 
8.95 
5.89 
8.47 
2.24 
1.69 
0.11 
100.00 
29.4 
158.6 
72 
15.11 
73.9 
148.7 
31.4 
145.2 
6.1 
1.904 
317.0 
22.95 
46.11 
5.45 
21.96 
4.88 
1.23 
4.99 
0.83 
5.12 
1.07 
3.00 
2.91 
0.45 
3.93 
0.41 
10.3 
9.7 
1.79 
0.722900 0.722629 
0.511492 0.5ll493 
0.4 
54.04 
0.22 
1.25 
0.50 
6.61 
20.69 
16.69 
0.00 
0.00 
0.00 
100.00 
2.61 
2.27 
25.87 
2.62 
0.306 
0.003 
0.069 
0.515 
0.076 
0.010 
0.005 
0.004 
0.051 
0.083 
0.128 
0.186 
0.313 
0.294 
0.425 
0.470 
0.502 
0.518 
0.520 
0.494 
0.473 
0.129 
0.005 
0.013 
0.005 
0.007 
0 
0.05 
0.33 
26.93 
37.39 
22.97 
11.00 
0.00 
0.00 
0.00 
0.00 
98.67 
38 
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0.01 
O.ol 
0.01 
0.01 
O.ol 
O.ol 
0.01 
O.ol 
O.ol 
O.ol 
O.ol 
O.ol 
O.ol 
0.5 
49.48 
0.00 
31.48 
0.00 
0.71 
0.10 
15.04 
2.99 
0.19 
0.00 
99.99 
O.o3 
0.02 
0.008 
0.002 
1.370 
0.022 
1.860 
0.007 
0.0003 
0.001 
0.006 
0.237 
0.050 
0.043 
0.037 
0.030 
0.020 
0.411 
0.013 
0.011 
0.008 
0.007 
0.005 
0.004 
0.003 
0.001 
0.004 
0.080 
0.0004 
0.002 
0.1 
40.10 
0.00 
0.00 
0.00 
13.42 
45.73 
0.75 
0.00 
0.00 
0.00 
100.00 
0.23 0.7031 
0.34 0.8735 
1.18 6.4096 
5.90 5.1614 
0.250 0.2714 
0.0007 
0.0323 
0.1030 
0.0150 0.0270 
0.0020 
0.0011 
0.0033 
0.0107 
0.0171 
0.0259 
0.0375 
0.0628 
0.0630 
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0.1038 
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0.0035 
O.OOll 
0.0014 
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9.3. 7. 6 Methods and Results- Assimilation and Fractional Crystallisation Model 2 
Aitcheson & Forrest (1994) developed the equations of DePaolo (1981) further, in order to 
quantify the amount of crust assimilated (see equations 9.8 and 9.9). It is possible to obtain an 
expression for the ratio p (total mass of crust assimilated/mass of original magma) in terms of 
the isotopic composition and element concentration of the end-member constituents in non-
recharge situations (Aitcheson & Forrest, 1994 ). By plotting p against r (mass 
assimilated/mass crystallised), an estimate of these values is obtained by determining the 
intersection for minimum and maximum values (Table 9.7, Figure 9.21). 
Table 9.7: Nd and Sr trace element and isotope minimum and maximum compositions used for 
modelling the initial magma composition (NMORB-Iceland picrite) and the assimilant (NAFC) 
0.30 
0.25 
0.20 
0.10 
0.05 
0.00 
0.00 
Initial liquid Assimilant Proterozoic crust Dsulk 
Sr (ppm) minimum 26 105 0.030 
Sr (ppm) maximum 38 125 0.034 
Nd (ppm) minimum 2 42 0.035 
Nd (ppm) maximum 3 50 0.039 
Zr (ppm) minimum 20 220 0.025 
Zr (ppm) maximum 24 240 0.029 
87Srf~r (508 Ma) minimum 0.7022 0.7220 
87Srf36Sr(508 Ma) maximum 0.7024 0.7240 
eNd(508 Ma) minimum 9.8 -10 
eNd (508 Ma) maximum 10 -8 
23% 
20'/o 
E Nd(max) 
I 17% 
....().16, 0.12 I 
~ 87 Sr 8 Sr (max) 
f 87 Sr 86 Sr (min) 
v ENd min) 
I~ 
f-o.1o, o.o~ 
9% 
5% 
; I 
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 
r (rate of assimilation)/(rate of fractional crystallisation) 
Figure 9.21: Curves for ENd and 87Srfl6Sr isotopes showing the maximum and minimum possible 
values for p plotted against r. The curves were drawn using equation 9.9. The (minimum) 
intersect gives r = 0.10 and p = 0.08. The (maximum) intersect gives r = .....0.16 and p = 0.12. 
Equations from Aitcheson & Forrest (1994). 
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The proportion of crust assimilated is given by 100*p/(l+p). The amount of crustal 
contamination is calculated from p = 0.08 for the minimum intersect and 0.12 for the 
maximum intersect to lie between 9 and 13%. This is comparable to the percentage estimated 
by two-component mixing and for the DePaolo assimilation and fractional crystallisation 
equations (~5-10%). Figure 9.22 shows Nd plotted against Zr for the Kalkarinji basalts. 
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Figure 9.22: Curves for Nd and Zr concentrations showing the maximum and minimum possible 
values for p plotted against r. The curves were drawn using equation 9.9. The minimum and 
maximum intersects gives r = 0.20 and p = 0.09. Equations from Aitcheson & Forrest (1994). 
The percentage of assimilation derived from these calculations is slightly lower ( ~ 10% ). 
However, this type of modelling is extremely sensitive to the chosen end-member parameters 
(both mantle source and assimilant) and as such, illustrates the difficulties involved in trying to 
establish precisely the amount of crustal contamination. 
9.3.8 Summary 
Both two-component mixing and assimilation and fractional crystallisation calculations, 
indicate that it is possible to reproduce the composition of the most primitive Kalarinji basalt by 
fractional crystallization and crustal contamination processes starting with a picritic parental 
liquid. A parental liquid modelled on a Cura9ao picrite composition generally provides the best 
match. All calculations suggest ~5 - 15% of crustal assimilation is required. 
Average North Australian felsic crust yields the best match as the crustal end-member for all 
mixing calculations. While Nd isotopic end-member parameters (Proterozoic) are reasonably 
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well constrained, both Sr concentration and Sr isotope end-members are less well defined and 
mixing calculations suggest that a range of possible compositions, within the range of North 
Australian felsic crust, can explain the Kalakrinji isotopic signatures. Both parental liquid 
compositions satisfy the constraint for low elemental abundances of the HFSE, (notably Ti and 
P) but NMORB picrite composition yields a better match for these elements, however, Curas:ao 
picrite produces a closer match to observed LILE's and major element characteristics. 
Magmatic processes involving crustal assimilation by a parental liquid composition(s) in a 
magma chamber, sill or dyke conduit, are unlikely to be static, but a continually changing 
process. This may involve the removal of magma, recharge with new primitive melt, mixing 
with crustally-derived anatectic melts and fractionation and crystallisation of cumulate phases. 
The above models demonstrate that while it is possible to simulate mixing between the mantle 
and crustal end-members, in reality, the process is likely to be much more complex interplay of 
chemical and physical factors . 
While assimilation concurrent with fractional crystallisation can be modelled between 15 and 9 
wt% MgO, the main contamination/assimilation occurred at magma compositions more 
primitive than 12 wt% MgO. This is in agreement with Reiners et al. (1995) and Edwards & 
Russell (1998), who predicted that r values (mass assimilated/mass crystallised) can greatly 
exceed unity in the initial phases of assimilation and crustal contamination. Thereafter, crystal 
fractionation becomes the dominant process. 
9.4 THERMAL CONSTRAINTS TO AFC-MODELLING - ENERGY CONSTRAINED 
ASSIMILATION FRACTIONAL CRYSTALLISATION MODEL (EC-AFC) 
9.4.1 Introduction 
The latent heat of crystallising cumulate phases in a magma chamber is thought to provide the 
heat required to raise the temperature of country rock material to above its solidus, thus 
enabling partial melting. Previous assimilation and fractional crystallisation models often 
placed emphasis on geochemical and isotopic parameters alone, neglecting thermal 
considerations. Spera & Bohrson (2001) and Bohrson & Spera (2001) have sought to overcome 
this problem with their model, Energy-Constrained Open-System Magmatic Processes (EC-
AFC). This model links thermochemical and thermophysical properties for a magma 
undergoing crustal contamination in an open system magma chamber where simultaneous 
assimilation (by the process of wall-rock anatexis), fractional crystallisation and magma 
replenishment is linked to thermal energetics. The thermal parameters include the evaluation of 
initial liquidus and solidus temperatures of both magma and country rock (Bohrson & Spera, 
2001). 
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9.4.2 EC-AFC Modelling 
Their EC-AFC model has been applied to the Kalkarinji Flood Basalt Province to determine 
whether the balance of thermal properties can be maintained for the degrees of crustal 
assimilation involved. The two end-member components chosen were the Curayao picrite 
initial liquid and the average North Australian felsic crust (NAFC). Bulk distribution 
coefficients for the picrite were based on data determined for the Kalkarinji basalts (Chapter 8). 
For the assimilant, minimum and maximum values for bulk distribution coefficients were based 
on a large set of data from the EARTHREF (2002) database. These were applied to the modal 
abundance of phases crystallising (from MELTS modelling; Ghiorsio & Sack, 1995) in order to 
determine the highest and lowest range of bulk distribution coefficients for a number of 
elements. Minimum values for bulk distribution coefficients were adopted, as these are thought 
to be more representative of the true values, see Chapter 8. The values are listed in Table 9.8. 
Table 9.8: Bulk Distribution Coefficients for initial picrite composition and felsic crust 
F elsie crust Felsic crust Daulk- Daulk-
Element Picrite Daulk Daulk- Daulk- minimum no maximum no 
minimum maximum garnet garnet 
Rb 0.0003 0.056 1.047 
Ba 0.0004 0.436 12.519 
Nd 0.0186 0.056 1.210 
Yb 0.0494 2.246 11.776 0.016 0.226 
Ta 0.0005 0.014 0.117 
Th 0.0005 0.014 0.624 
u 0.0006 0.022 0.082 
The bulk distribution coefficients for Yb are high if garnet is included and are lowered 
considerably if garnet is excluded. Low Yb D's were used for the calculations because HREE in 
the Kalkarinji basalts are unable to be satisfactorily modelled if garnet is involved. The magma 
(picrite) liquidus temperature was calculated to be 1400°C and the assimilant (felsic crust) 
liquidus temperature calculated at 1100°C using the MELTS program, Ghiorsio & Sack (1995). 
The results from the modelling are shown in Figures 9.23 to 9.25. 
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Figure 9.23: 143Nd/144Nd and ()180 for the Kalkarinji basalts plotted against magma temperature 
(OC). The red line shows the elemental value for a Kalkarinji basalt with -9 wt% MgO. The tick 
line indicates the percent of assimilation. 
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Figure 9.24: Rb (ppm) and Ba (ppm) for the Kalkarinji basalts plotted against magma temperature 
( 0 C). The red line shows the elemental value for a Kalkarinji basalt with -9 wt% MgO. The tick 
line indicates the percent of assimilation. 
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Figure 9.25: Th (ppm) and Yb (ppm) for the Kalkarinji basalts plotted against magma temperature 
(OC). The red line shows the elemental value for a Kalkarinji basalt with -9 wt% MgO. The tick 
line indicates the percent of assimilation. 
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Figure 9.26: Mass assimilated to mass crystallised (Ma*/Mc) and the same variables relating to the 
rate of change for the Kalkarinji basalts plotted against magma temperature (OC). 
Neodymium concentrations (not shown) for the Kalkarinji basalts do not match the mixing line, 
however, 143Nd/144Nd (508 Ma) Figure 9.23, when plotted against magma temperature matches 
well assuming 10% assimilation. The measured trace element concentrations for Nd are higher 
than calculated in the thermal modelling program. However, there is a good match for () 180 and 
for Rb and Ba for ~10% mixing in Figures 9.23 and 9.24. The calculated values forTh and Yb 
are somewhat higher than the 9 wt% MgO basalt, Figure 9.25. Although not shown, Ta and U 
also had much higher calculated values. 
The most important feature these diagrams illustrate, is that assimilation does not occur until a 
temperature of~ 1270°C is reached. Considering that the temperature of eruption of a tholeiite 
is ~ 1200°C, it appears that all of the assimilation occurs over a 70°C interval. This is further 
demonstrated in Figure 9.26, where the mass assimilated to mass crystallised (Ma*/Mc) and the 
same variables relating to the rate of change for the Kalkarinji basalts are plotted against magma 
temperature. These diagrams suggest most assimilation occurs late in the process owing to an 
initial thermal lag while the wall-rocks are heated to above-solidus temperatures. Once a melt is 
extracted from the country rock, assimilation rapidly increases. Regardless of the thermal 
inertia effect, Figures 9.23 to 9.25 show that at least 10% of assimilation can be achieved before 
the estimated eruption temperature of 1200°C is reached. 
The results from the EC-AFC calculations of Spera & Bohrson (2001), for the Kalkarinji basalts 
satisfy the thermal constraints associated with concurrent assimilation and fractional 
crystallisation and, in agreement with two-component mixing and AFC modelling, predicts ~10-
15% crustal contamination. However, the results indicate a different style of assimilation 
compared with previous models. 
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9.5: CONDITIONS OF PARTIAL MELTING 
Assuming that mantle melting occurs by adiabatic decompression, the primary magmas 
responsible for flood basalt volcanism have compositions that reflect their depth of melting 
which in turn controls the extent of partial melting. Upwelling source peridotites begin 
decompression melting once the solidus is intercepted. Decompression melting then occurs 
along an adiabat and melt may be extracted by either batch melting or continuous melt 
extraction with melt pooling. The volume of melt produced is the integrated sum of melt above 
the solidus for either model. A wide range of silicate liquids can be formed by melting at 
various depths as a function of pressure and temperature. 
Figure 9.27 shows peridotite partial melting cotectics projected into the CIPW molecular 
normative basalt tetrahedron (Green, 1970; Falloon & Green, 1988; Falloon eta/., 1999). The 
upper diagram (a) is the projection into the basalt tetrahedron from olivine and the lower 
diagram (b) is the projection into the base of the basalt tetrahedron from diopside. The dark 
blue field defines the freshest Kalkarinji basalts, and the most primitive Kalkarinji basalt, MgO 
~9 wt% as shown by the red solid circle. 
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Figure 9.27: Peridotite partial melting cotectics projected into the basalt tetrahedron. After Green 
(1970), Falloon & Green (1988) and Falloon et al. (1999). Picture (a) shows the projection from 
olivine and (b) the projection from diopside. Di = diopside, Jd = jadeite, CaTs = calcium 
tschermak, Lc = leucite, Ab = albite, An = anorthite, Or = orthoclase, Hy = hypersthene, Olv = 
olivine, Qtz = quartz, TQ = Tinaquillo lherzolite, Mpy = MORB pyrolite and NAFC = average 
North Australian Felsic Crust (shown in yellow). The dark blue field defines the range of the most 
fresh Kalkarinji basalts. The dashed line shows the relationship between the pre-assimilant 
composition and the crustal contaminant. Pressure expressed as kilobars. The red dots represent 
the most primitive Kalkarinji basalt, -9 wt% MgO. The pink dots represent this composition with 
10% NAFC removed and the green dots with 15% removed. The pale blue dots represent the final 
compositions in equilibrium with mantle olivine, Fo89•9o-
From previous geochemical and isotopic modelling, it was shown that the initial Kalkarinji 
liquid is best modelled as a primary melt contaminated with -10-15% continental crust (NAFC 
- average north Australian felsic crust). To remove the effects of this crustal signature, 10% and 
15% ofNAFC composition was subtracted from the most primitive Kalkarinji basalt (-9 wt% 
MgO). This has the effect of bringing the composition towards the olivine-clinopyroxene 
cotectic. Finally, in order to reconstruct a liquid composition in equilibrium with mantle 
olivine, it was necessary to add between 5 to 15% olivine to the above composition to bring the 
liquid from saturation with Fo81 olivine to saturation with Fo81 to Fo89.90• 
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Tables 9.9 and 9.10 show the 9 wt% MgO basalt composition with 10 and 15% of crust 
removed and the final picritic composition in equilibrium with Fo89.90 olivine (addition of 5 to 
15% olivine required). The olivine-liquid Fe-Mg partitioning relationship of Ulmer (1989) was 
adopted i.e. 
log :Ki= -0.5214 + 0.00323*P(kbar), where :K! = Kd = ( Fe~t I Fe1~;) * ( Mguq I Mg01 ). 
Table 9.9: Basalt composition of -9 wt% MgO with 10% of NAFC removed and the final 
composition in equilibrium with mantle olivine, Fo89•90 after the addition of 5 - 10% of olivine. 
Si02 
Ti02 
Ah03 
FeO 
MgO 
CaO 
Na20 
K20 
Composition A 
- 9wt%Mg0 
Kalkarinji basalt 
52.69 
0.76 
16.25 
7.14 
9.08 
11.18 
2.02 
0.81 
C .t. B Composition C Basalt ompos1 ton .th 50, 1. • dd d Basalt - 9 wt% MgO Wl . ' 0 0• 1~ 1n_e a ~ 
with 15% NAFC to be m equ.th.bnum wtth 
subtracted mantle ohvme (Fos9) 
Mg0= - 14wt% MgO 
50.40 49.49 
0.80 
16.52 
7.59 
10.01 
12.27 
1.98 
0.36 
P20 ~ O.D7 0.07 
0.73 
14.99 
7.95 
13.54 
11.13 
1.79 
0.32 
0.06 
Total 100.00 100.00 
Mg# 72 73 
Fo 87 88 
Mg#- molar 100*Mg/(Mg+Fe2+) for Fe20 3/Fe0 - 0.15 
Major elemental oxide data are wt% 
100.00 
78 
89 
Composition D Basalt 
with 10% olivine added 
to be in equilibrium with 
mantle olivine (Fo90) 
MgO = - 15 wt% MgO 
49.08 
0.69 
14.27 
8.03 
15.25 
10.60 
1.71 
0.31 
0.06 
100.00 
80 
90 
Table 9.10: Basalt composition of -9 wt% MgO with 15% of NAFC removed and the final 
composition in equilibrium with mantle olivine, Fo89_90 after the addition of 10 - 15% of olivine. 
Si02 
Ti02 
Ah03 
FeO 
MgO 
CaO 
Na20 
K20 
P20~ 
Total 
Mg# 
Fo 
Composition A 
- 9wt%Mg0 
Kalkarinji basalt 
52.69 
0.76 
16.25 
7.14 
9.08 
11.18 
2.02 
0.81 
0.07 
100.00 
72 
87 
Compo "fo B Composition C Basalt 
Basalt - 9 ~/onMgO with ~0% ~l ~vi~e add.ed 
with 15% NAFC to be m equ.th.bnum wtth 
subtracted mantle ohvme (Fos9) 
Mg0= - 14 wt% MgO 
49.06 
0.82 
16.68 
7.86 
10.55 
12.91 
1.97 
0.09 
0.07 
100.00 
73 
88 
48.27 
0.75 
15.13 
8.18 
14.04 
11.70 
1.78 
0.09 
0.06 
100.00 
78 
89 
Mg# - molar 100*Mg/(Mg+Fe2+) for Fe20 3/Fe0 - 0.15 
Major elemental oxide data are wt% 
Composition D Basalt 
with 15% ol ivine added 
to be in equilibrium with 
mantle olivine (Fo9o) 
MgO = - 15 wt% MgO 
47.91 
0.71 
14.41 
8.25 
15.73 
11.15 
1.70 
0.08 
0.06 
100.00 
80 
90 
The projection from olivine onto the basalt tetrahedron, Figure 9.27a, minimises the effects of 
olivine fractionation and is effective in defining pressure for equilibrium with lherzolite residue. 
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Alternatively, a mantle plume source with an excess temperature component of~ 100°C above 
the normal mantle would be required. 
9.6: DISCUSSION 
The relatively low pressures (15 to 20 kbar), correspond to depths (~50-70 km) of mantle 
melting, implying that the subcontinental lithosphere at the time of volcanism was relatively 
thin such as in a rifting environment, for example. However, the main locus of the Kalkarinji 
volcanism, where the thickest flows occur, is located just to the east of the Halls Creek orogenic 
belt (Figure 2.1, Chapter 2), which hosts the ~1200 Ma diamond-bearing Argyle olivine 
lamproite. Mineral inclusions in diamond and lherzolite xenoliths (Al-poor orthopyroxene and 
Cr-diopside) yield pressures of >50 kbar, equivalent to a depth of> 170 km, Jaques et al. (1986) 
and temperatures of around 1100 to 1200°C. More recent P,T (pressure, temperature) 
determinations by Cr-diopside thermobarometry yield pressures of >60 kbars, i.e. ~200 km 
depth (W. Taylor, pers. comm., 2002). These results indicate that at the time of Argyle 
lamproite emplacement, the subcontinental lithosphere was at least 200 km thick and had a cool 
geothermal gradient. In addition, mineral inclusions in Argyle diamonds are dominantly 
eclogitic (Jaques et al. , 1986) implying that dense eclogite is present in the lithosphere beneath 
the East Kimberley region. 
At the time of Kalkarinji volcanism, ~700 Ma later than Argyle volcanism, the melts were 
erupted from a segregation depth of only ~50-70 km depth and at considerably higher 
temperatures in order to facilitate mantle partial melting. One of the most significant problems 
associated with continental flood basalt provinces, is how upwelling mantle can traverse 
through thick, refractory continental lithosphere and yield voluminous magma in the time frame 
required for flood basalt volcanism, generally 1-2 Ma. Although rifting of Cambrian basins was 
associated with Kalkarinji volcanism, it wasn't sufficient to break up the Australian continent. 
Therefore, some process must have removed substantial parts of the sub-continental lithospheric 
mantle from beneath this region in order for mantle upwelling and Kalkarinji melt segregation 
to occur at these shallow depths. 
Recently, Stewart Fishwick pers. comm. (2002) has described a ~200 km long, ~50 km wide 
linear belt at mantle depths in the present day area immediately to the east of the Halls Creek 
orogenic belt as having anomalously slow seismic shear wave speed constrained from surface 
wave data. Slow shear wave speed is atypical for velocities through deep lithosphere under the 
Australian Precambrian cratons and probably indicates thinner lithosphere in this region. This 
region coincides with the main locus ofKalkarinji volcanism. 
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The following observations are consistent with lithospheric thinning by the time of Kalkarinji 
volcanism; (a) modern day shear wave speed data indicating shallow lithosphere; (b) the depth 
constraints imposed for melt segregation of the Kalkarinji source, and (c) evidence from mineral 
inclusions in mantle xenoliths and diamond indicate that at ~ 1200 Ma the lithosphere was ~200 
km thick, with temperatures around 1100-1200°C. 
Some geologically plausible process must have been responsible for the removal of a 
significant portion of the deep, cool subcontinental lithospheric mantle prior to Kalkarinji 
volcanism and after emplacement of the Argyle olivine lamproite. 
In Chapter 2, Figure 2.8, it was shown that the proto Australian continent underwent a 
remarkable ~90 degree anticlockwise rotation over a 50 Million year interval from 544 to 490 
Ma. The eruption of the Kalkarinji basalts is within the time frame of this rapid anticlockwise 
rotation (Chapter 4). This was the only time in the Phanerozoic where such an abrupt and rapid 
change in orientation is recorded. 
9.7: CONTINENTAL FLOOD BASALT MODELS AND THEIR APPLICATION TO 
KALKARINJI VOLCANISM 
In Chapter one, a variety of models to explain continental flood basalt volcanism were 
discussed. These models are evaluated with respect to the Kalkarinji basalts. They include: 
(i) Mantle plumes 
(ii) Lithosphere interaction models 
(iii) Catastrophic Lithosphere failure 
9. 7.1: Mantle Plume Models 
The mantle plume model can effectively be applied to account for a number of continental 
volcanic provinces, e.g. the Deccan Traps, which can be linked by a hotspot trace to the 
Reunion Island plume. The plume geometry is shown in Figure 9.29 based on the work of 
Campbell & Griffiths (1990). 
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This is represented diagrammatically where compositions corrected for olivine fractionation lie 
on the same ~15 kbar cotectic (lherzolite residue) for subtraction of 10% NAFC and the 20 kbar 
cotectic for 15% removal. In Figure 9.27b, the projection from diopside onto the basalt 
tetrahedron, the effects of fractionation are apparent. However, the primary liquid in 
equilibrium with mantle olivine (Fo89_90) also plot at 15 - 20 kbar. In summary, Figure 9.27 
shows that estimated Kalkarinji primary picritic liquids, calculated to be in equilibrium with 
mantle olivine (Fo89_90), segregated from their source at pressures of ~ 15 to 20 kbar in the 
mantle. This is equivalent to a depth of ~50-70km. 
Figure 9.28 shows the presumed pressure interval for Kalkarinji melt segregation plotted onto 
the calculated range of mantle potential temperatures (T p), based on experimental studies by 
Hirose & Kushiro (1998), as a function of the degree of batch partial melting. 
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Figure 9.28: Degree of melting (batch melting) of the mantle for a range of experimentally derived 
potential temperatures after Hirose & Kushiro (1998). Cpx = clinopyroxene and the arrows 
indicate the point where clinopyroxene is exhausted. The green ellipsoid shows the interval of 
Kalkarinji basalt melt segregation assuming between 20 to 25% melting. Mantle potential 
temperatures of -1400 to >1450°C are required to achieve the necessary degree of melting for the 
Kalkarinji parent magma. 
Figure 9.28 indicates that the mantle potential temperatures required for melt segregation at 15 
to 20 kbar for ~20 to 25% melting, would need to be in the range ~1400 to >1450°C. This is at 
the high end of estimates of mantle potential temperature in the literature. For example, Hirose 
& Kushiro (1998) proposed a value of Tp ~1344°C based on experimental studies. A higher 
estimate was obtained by Green et a!. (2000) who suggested "Hot-Spot" and MOR primary 
basalts are both derived from mantle with a potential temperature of~ 1430°C. Such a value is 
compatible with generation of the Kalkarinji parental magma. However, if the mantle potential 
temperature was <1400°C then in the case of the Kalkarinji basalts, a volatile component would 
be needed to lower the peridotite solidus to achieve the required degree of melting. 
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Figure 9.29: Diagrammatic laboratory starting plume, after Campbell & Griffiths (1990). 
An important prediction of the mantle plume hypothesis is that there should be considerable 
uplift (~1000 m) in the period ~10-20 Ma prior to volcanism (Campbell & Griffiths, 1990; Hill, 
1991). These authors documented evidence for uplift prior to volcanism for the Deccan Traps, 
which were erupted onto a landform that had undergone extensive peneplaination and 
laterization and uplift. They documented that the underlying Gondwana Beds were uplifted 
~ 1000 m higher than the margins of the Deccan Traps. Similarly, radiolarian chert overlain by 
pillow basalts followed by limestone in the Wrangellia province (Richards, 1991) is proposed to 
be evidence for uplift in that province. However, evidence for uplift has not been documented 
in all continental flood basalt provinces. For the Siberian Traps, Czamanske et al. (1998) found 
that deposition of the underlying sedimentary sequences was accompanied by subsidence 
providing evidence against involvement of a mantle plume. 
Given the age of the Kalkarinji basalts is well constrained at 507 ±4 Ma (2o), a mantle plume 
origin would require evidence of uplift at about 520-530 Ma. Throughout the Northern 
Territory and Kimberley region the underlying sequences are generally much older, ranging 
from ~670 Ma in the Kimberley to > 1000 Ma across northern Australia. Based on trace fossils, 
only the Bukalara sandstone in the eastern Northern Territory is presumed to be Early Cambrian 
(Ahmad & Wygralak, 1989), although this age is poorly constrained. For northern Australia, 
there is no observable evidence for sedimentation associated with uplift and erosion in the Early 
Cambrian. In the Halls Creek orogenic belt where the basalts attain their maximum thickness, 
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there is no evidence for uplift as coeval sedimentary rocks of similar metamorphic grade in the 
Kimberley Basin and the Osmond Range (located in Halls Creek orogenic belt) are at the same 
crustal level since deposition (I Tyler, pers. comm. 2002). 
In the absence of sedimentary deposits, apatite fission-track studies may be a useful tool for 
identifying episodes of erosion and timing of uplift ( cf. Brown, 1991 ). In southern Africa, 
Brown (1991) described several kilometres of erosion of a prominent escarpment that lies sub-
parallel to the coastline and is related to the initial break-up of Gondwana in the Early 
Cretaceous. This requires no dynamic tectonic uplift associated with plume buoyancy to 
account for this feature. 
High melting rates are implied to generate the large volumes of continental flood basalt 
volcanism erupted over geologically short time intervals (Courtillot eta/. 1999). Either mantle 
temperatures hotter than ambient mantle are needed, or the introduction of a lower melting 
component in the source, or addition of a volatile component that can lower the solidus are 
required. Cordery et a/. ( 1997) described a model whereby mantle plumes include a significant 
proportion of eclogite derived from recycling of oceanic crust. This would result in higher than 
normal Fe/Mg values in natural primary liquids, consistent with equilibration with more Fe-rich 
olivine (Yaxley, 2000). However, the Kalkarinji basalts are characteristically low in total FeO, 
Chapter 7, so that an entrained eclogite component in a mantle plume cannot chemically explain 
the high rates of melting required. It is important to note however, that the high temperatures 
required for melt generation can be explained by the mantle plume hypothesis, as plumes are 
thought to have an excess mantle temperature of ~300°C (Campbell, 1998). 
Assuming that the main locus of magmatism was centred on the Halls Creek Orogenic belt, the 
presence of thick lithosphere ( ~200 km) would pose a barrier for an upwelling mantle plume. 
Plume uprise to shallow depths could be possible if the plume axis was centred well to the north 
in the Bonaparte Basin where the lithosphere was substantially attenuated due to rifting of Asian 
microcontinental blocks from the continental margin (Purcell & Purcell, 1994). If such a 
senario occurred then there may be evidence for Cambrian age basalts on Asian microcontinents 
that rifted during the Early Cambrian, however, there is at this stage no evidence to suggest the 
locus of magmatism was other than in the Halls Creek region. 
9. 7.2: Lithospheric Interaction Models 
Easily fusible components of the sub-continental lithospheric mantle of lamprophyric or 
lamproitic composition may explain the enrichment in the highly incompatible elements and 
LREE required for the Kalkarinji basalts. However, lamprophyres and lamproites are very low-
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degree partial melts and are volumetrically insignificant (Rock, 1991) in terms of the amounts 
required to explain the Kalkarinji basalt crust-like signature. In addition, a many north 
Australian lamprophyres are high-Ti e.g. (Jaques et al. 1986; Duggan & Jaques, 1996) and 
therefore not compatible. 
The lithosphere dehydration model of Gallagher & Hawkesworth (1992) proposes melting of 
lithosphere containing ~0.4% H20 in the form of amphibole. The effect of H20 is to lower the 
solidus so that melts can be generated at lower temperatures. Turner & Hawkesworth (1995) 
advocated a model where many Mesozoic and Tertiary continental flood basalt provinces are 
the result of melting of depleted peridotite at the volatile-present solidus and the crust-like 
signatures are a result of enrichment of this peridotite by the addition of volatiles and 
incompatible elements in the Proterozoic. Unfortunately, there is no present day evidence to 
determine the state of hydration of the lithosphere under northern Australia but it could be 
locally significant in the form of metasomatised, amphibole and phlogopite-rich zones. 
Enrichment of the lithosphere with a subducted sediment-derived component has been 
suggested as a source material for the Ferrar Province (Hergt et al. , 1991). Melting of refractory 
source peridotite can effectively explain the depletion of HFSE, e.g. Ti and P observed in the 
Ferrar dolerites. However, it has been shown in the case of the Kalkarinji basalts that these 
characteristics can be modelled readily by melting of asthenospheric sources to produce picritic 
parental magmas and does not require melting of the lithosphere. 
9. 7.3: Alternative Model- Catastrophic Lithosphere Failure 
Ringwood & Green ( 1966) described a model whereby transformation of basaltic crust to 
eclogite at the crust-mantle boundary, would eventually lead to catastrophic lithospheric failure 
and sinking of the dense eclogite into the mantle. More recently, Houseman & Molnar (200 1) 
have presented a Rayleigh-Taylor instability model whereby in tectonically convergent regimes, 
continental lithosphere may become gravitationally unstable and catastrophically delaminate 
while being replaced by asthenospheric mantle. These gravitational instabilities result from 
some large destabilising perturbation, and as suggested by Houseman & Molnar, could be 
continental collision or intraplate convergence. In this context, it is possible that the rapid 90° 
anticlockwise rotation of Australia described above between 544 and 490 Ma, may have applied 
a significant torsional stress onto an existing dense, eclogite-rich lithospheric mantle keel. 
These torsional stresses may be the required destabilising effect that led to rapid and 
catastrophic delamination of a portion of the subcontinental lithospheric keel under the East 
Kimberley region of northern Australia. This region is centred on the thickest basalt flows 
which is presumed to be the main locus of volcanism. Mantle asthenosphere at greater depths 
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with its lower viscosity will have risen (upwelling asthensopheric diapir) to replace the sinking 
eclogite-rich lithosphere. 
Catastrophic delamination could explain how mantle asthenosphere was able to ascend to 
sufficiently shallow levels in an area in which ~ 150 to 200 km thick lithosphere previously 
existed. During ascent, the hot asthenospheric mantle would intersect the solidus and 
decompression melting would occur along an adiabat. Reconstructed Kalkarinji picrite melt 
compositions suggest that segregation of the primary melt occurred at ~ 15 to 20 kbars 
equivalent to a 50-70 km depth. A sequence of cartoons outlining this process is shown in 
Figure 9.30a-d. 
cont ... 
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Figure 9.30: Raleigh-Taylor instability model based on the gravitational instability model of 
Houseman & Molnar (2001) showing the effect of torsional stress on the eclogite-rich, sub-
continental lithosphere as a function of rapid 90° anticlockwise rotation of the Australian continent 
during the Early Cambrian. (a) At ~1200 Ma, at the time of Argyle olivine lamproite 
emplacement, mineral inclusions in diamond indicate that the depth of lamproite segregation was 
---60 kbars, equivalent to ~180 km depth. This implies that the subcontinental lithosphere had to 
have been at least this thick at this time. In addition, mineral inclusions in diamond are dominantly 
eclogitic, implying that dense eclogite is present in the lithosphere in this region. (b) At -510 Ma, 
rapid rotation of the Australian part of the Gondwana landmass underwent rapid, 90° 
anticlockwise rotation. This sudden change in plate orientation may have provided the required 
torsional stress to weaken the dense, eclogite-rich lithosphere. (c) The weakened lithosphere may 
then have catastrophically delaminated allowing a rising asthenospheric diapir to rise. More easily 
211 
------------------------------------------------------------------------
Chapter 9: Petroge11esis of the Kalkari11ji Low-Ti Colltillelltal Flood Basalt Provi11ce 
fusible components of the lithosphere and volatiles (e.g. phlogopite in lamproites and 
lamprophyres) may be incorporated into the uprising diapir. (d) Melt segregation of the 
asthenosphere would occur when the solidus is intercepted, -50-70 km. The partial melts of picritic 
composition would rise through the thinned lithosphere and assimilate North Australian felsic crust 
in shallow magma chambers in the crust prior to volcanism. 
The above figures show diagrammatically how rapid lithospheric delamination imposed by 
torsional stresses could occur. The volume of the Kalkarinji province (not including the 
Boondawari dolerite and the Table Hill Volcanics) is estimated to be ~0.15 million km3• 
Assuming 25% partial melting to generate the Kalkarinji basalts, the minimum amount of 
lithosphere to be removed can be calculated. The amount of lithosphere removed will be 
replaced by an equal amount of asthenosphere and to generate the volumes estimated for the 
Kalkarinji province, a cube-shaped block with 50-60 km edge dimensions or a linear belt of 50 
km by 200 km long and 15 km thick would be required. This is the minimum amount of 
lithosphere required, but the actual amount would probably be somewhat larger, maybe twice 
this amount, in order to accommodate sufficient upwelling of asthenosphere for melting to 
occur. 
If the lithosphere was thinned to ~50-70 km and assuming 25% partial melting, then very high 
temperatures would be required in the mantle source region to generate the Kalkarinji basalts. 
However, as the lithosphere sinks, it is possible that the more easily fusible portions of the 
subcontinental lithosphere may melt, producing low-degree partial melts of lamprophyric 
composition and these may interact with the upwelling mantle asthenosphere. Moreover, the 
release of volatiles from the descending dense, destabilised lithosphere, e.g. from phlogopite 
breakdown, is likely to have a significant effect on lowering the mantle solidus, and hence 
generating large melt volumes over short time scales, in the ascending asthenospheric diapir. 
This has similarities to the hotspot/wetspot model of Green (1992). These effects may explain 
how large volumes of melt were generated over a relatively short geological time interval, given 
that flood basalt volcanism generally occurs over a 1-2 Ma time interval. 
Cawthorn (1975) described a simple thermal model where he calculated that it is possible to 
generate significant degrees of partial melting from a rising diapir of asthenospheric material 
initiated at 100 kbars (>300 km depth) with final melt segregation occurring at 10 kbars, 
Assuming ~20-25% partial melting for a picritic basalt segregating at 15-20 kbars, the 
calculations of Cawthorn seem reasonable. 
At some point in the crust, the magma would pond either in a chamber or sill-like feature and 
assimilate felsic crustal material similar to the average Proterozoic North Australian felsic crust 
(NAFC) prior to ascent to eruption on the earth's surface. Crustal dyke and sill systems may 
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9.8 GLOBAL APPLICATIONS 
Models which may explain the genesis for the Kalkarinji basalts therefore include mantle 
plumes (provides the high mantle source temperatures required) and the lithosphere 
delamination model. Each model has its strengths and weaknesses. 
While plumes can be confidently attributed to the Deccan Traps and western Yemen, other 
provinces do not share the expected plume geometry. For example, the Ferrar province is a 
long, linear belt of magmatism that occurs throughout Tasmania along the former active margin 
of East Antarctica. The linear geometry for this flood basalt province argues against a deep 
plume source. The lithospheric delamination model may provide an explanation for this 
province by a process of lithospheric "unzipping" of over-thickened lithosphere. This is in 
keeping with the fact that continental flood basalt provinces typically occur along continental 
margins or on the margins of old cratons, (Courtillot et al., 1999). 
9.9 CONCLUSIONS 
Trace element and isotopic modelling indicates that addition of~ 10-15% of crustal assimilant of 
North Australian Proterozoic felsic upper crust composition is required to reproduce the low-Ti 
Kalkarinji basalt signatures assuming a ~ 15 wt% MgO pi critic parent liquid. Isotopically 
enriched samples PP004 and KB001 require assimilation of ~20% of crust of the same 
composition. However, isotopically enriched sample MROO 1 can be modelled by a two-stage 
enrichment process, with the second enrichment involving crust of different isotopic (older) 
composition. The key to producing a physically reasonable degree of crustal contamination is 
use of a North Australian felsic crustal end-member. This end-member has distinctive trace 
element characteristics, such as high Th, U, LREE, compared with compilations of global 
averages of crustal rocks, e.g. McLennan (200 1 ). These distinctive characteristics are reflected 
in the geochemistry of the Kalkarinji basalts. 
While Nd isotopic modelling can be relatively well constrained for the Kalkarinji province, Sr is 
more problematic due to the unconstrained range of isotopic and trace element compositions for 
potential end-members. Thermal modelling constraints are in agreement with trace element and 
isotopic modelling, with ~ 10-15% assimilation required. Figures 9.23 to 9.25 indicate that in 
the initial stages, there is a thermal lag associated with heat transfer until the country rock heats 
up to its solidus and partial melting occurs. Once a melt is extracted then assimilation can 
proceed. The difference with this model is that assimilation does not decrease over time as 
predicted by Reiners et al. (1995) and Edwards & Russell (1998). 
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Projection onto the basalt tetrahedron showing peridotite partial melting cotectics indicates that 
Kalkarinji primary magma segregated from its source at ~15 to 20 kbars (~50-70 km depth). 
However, at ~1200 Mathe lithosphere in this region was ~200 km thick. This thickened 
lithosphere would provide a physical barrier to ascending mantle asthenosphere whether in a 
mantle plume or other mantle upwelling. However, the mantle plume model effectively 
provides the excess temperature required for mantle melting. 
At the time of Kalkarinji basalt eruption, the lithosphere was considerably thinner, at least 50 -
70 km thick. It is proposed that rapid 90° anticlockwise rotation of Australia around the time of 
eruption may have been responsible for catastrophic delamination of the dense eclogite-rich 
lithosphere that underlaid the East Kimberley region, allowing rapid ascent of an asthenospheric 
diapir leading to decompression melting. Volatile addition from the sinking lithosphere would 
be significant in enhancing the rate of melting. The melts thus generated became the primary 
source magma for Kalkarinji volcanism. This was followed by residence time in a magma 
chamber where picritic parental magmas initially assimilated 10-15% of North Australian felsic 
crust. The basalts were then subsequently chemically homogenised and underwent crystal 
fractionation at high crustal levels to give rise to an array of basalts with 9 to 3 wt% MgO. 
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CHAPTER 10: CONCLUSIONS 
The Kalkarinji low-Ti continental flood basalt province represents a voluminous outpouring of 
lava covering an extensive area of northern Australia in Cambrian times. The province includes 
the Antrim Plateau, Helen Springs, Nutwood Downs, Peaker Piker and Colless Volcanics and 
most likely coeval basalts and dolerites to the south, the Boondawari dolerite and the Table Hill 
Volcanics. The province is estimated to be at least 0.15 million km3• However, this is a 
minimum estimate and does not take into account basalts since eroded. 
The Kalkarinji basalts and dolerites have a mineralogical composition typical of other 
continental tholeiites, in that they are dominated by clinopyroxene (augite and pigeonite) and 
plagioclase, with lesser primary and secondary quartz and potassium feldspar, ilmenite and 
titanomagnetite. 
New high-precision 40 ArP9 Ar dating for two samples across the province yield a well-
constrained radiogenic age of 507 ±4 Ma (2o) close to the Early Cambrian-Middle Cambrian 
boundary and younger than previously considered. The new age links the Antrim Plateau 
Volcanics with their proposed stratigraphic equivalent, the Helen Springs Volcanics. This age 
is also coincident with the Early Cambrian-Middle Cambrian boundary Toyonian faunal mass 
extinction documented in Australia and worldwide suggesting a possible link between the 
Kalkarinji flood basalt volcanism and this major extinction event. 
The Kalkarinji basalts and dolerites have an enriched trace element signature resembling 
continental crust . Moreover, they show marked Nd and Sr isotopic enrichment, i.e. initial 
87Sr/86Sr varies between 0.707 to 0.723 with 20 out of23 samples lying within a restricted range 
between 0.707 to 0.709. Initial £Nct values vary from -2.7 to -9.6, with 19 out of23 clustering in 
a narrow range between -3 .0 and -4.5. 
Crystal fractionation was the dominant process for the chemical evolution of the basalts 
between ~9 and 3 wt% MgO. However, subtle up-stratigraphic variations in crust-sensitive 
trace element ratios, e.g. Ba/Rb, Nb/U, Nb/Ta and Th/U are mirrored by shifts in isotopic ratios 
suggesting involvement of minor but measurable high-level crustal contamination. 
Isotopic compositions and key crust-sensitive trace element ratios do not correlate with indices 
of fractionation, e.g.87Sr/86Sr, o180 and Ba/Rb show negligible variation over a range of Mg#, 
indicating that the crust-like signature of the Kalkarinji basalts was acquired at compositions 
more primitive than 9 wt% MgO. Furthermore, a ~12 wt% MgO melt inclusion in chromian 
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spinel has the distinctive trace element signature characteristic of the Kalkarinji basalts, 
indicating that the enriched signature was already present in pi critic precursor magmas. 
One of the most distinctive features of this province (and many other low-Ti continental flood 
basalt provinces) is the relative depletion in the HFSE, notably Ti, P and Nb. The Kalkarinji 
basalts are enriched in Th and U and have the most extreme Th/U ratios observed for any flood 
basalt province, these features are compatible with a contamination overprint by Proterozoic 
North Australian felsic crust. 
Crystal-liquid partition coefficients for plagioclase and clinopyroxene have been determined for 
aphanitic Kalkarinji basalts using laser ablation-ICPMS methods. A full range of trace elements 
in natural mineral-melt samples were measured with high sensitivity and precision. Because 
microphenocrysts are a rare phase in the crystall ising assemblage, whole-rock compositions 
approximate liquid compositions and crystal-liquid (mineral-melt) partition coefficients can 
then be determined . The partition coefficients were used for subsequent trace element 
modelling. 
The distinctive enriched isotopic and trace element signature of the Kalkarinji basalts and 
dolerites can be reproduced assuming average Proterozoic North Australian felsic crust as an 
assimilant and either Iceland (NMORB) picrite or Cura<yao (primitive mantle) picrite as the 
initial magma composition. Trace element modelling, either by two-component mixing or 
combined assimilation and fractional crystallisation indicate that ~10% mixing of continental 
crust of the above composition is required to generate the distinctive Kalkarinji signature. This 
is also reinforced by thermal modelling constraints. More importantly, the distinctive low-Ti 
signature is a source feature inherent in the initial picrite magmas. However, both initial liquid 
compositions range either side of the observed Ti02 value for the 9 wt% MgO basalt. It is 
probable that the initial liquid major and minor element compositions were intermediate 
between the two. Of the three highly isotopically enriched Kalkarinji samples, two require a 
greater component of assimilation ( ~20% of the same crust), while the other represents a two-
stage mixing process, with the second enrichment event involving crust of different (older) 
isotopic composition. 
Melt segregation of the source picrite occurred at ~ 15-20 kbars equivalent to shallow depths of 
~50-70 km in the mantle. This was calculated by the removal of 10 and 15% North Australian 
felsic crust and addition of olivine until the basalt composition was in equilibrium with mantle 
olivine and then projected onto the peridotite partial melting cotectics into the basalt tetrahedron 
of Green (1970); Falloon & Green (1988); Falloon et al. (1999). However, at ~ 1200 Ma, 
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eclogite-rich, sub-continental lithosphere at least 200 km thick underlay the future centre of 
Kalkarinji volcanism in the East Kimberley. Although mantle plumes have the correct mantle 
temperatures required for extensive decompression melting to take place, the presence of ~200 
km thick lithosphere would be a barrier inhibiting plume ascent. This can be circumvented if 
the plume axis was centred to the north in the Bonaparte Gulf where the lithosphere is much 
thinner. In this scenario Cambrian basalts may be expected to occur in Asian microcontinental 
blocks which rifted from northern Australian margin during the Cambrian. However, there is no 
convincing evidence in the geological record for crustal uplift normally associated with arrival 
of a mantle plume ~ I 0-20 Ma prior to volcanism. 
Given that the thickest flows for the Kalkarinji province are located in the Halls Creek Orogen, 
some process must have been responsible for removal of a substantial portion of the lithosphere 
by 507 Ma in order for parental picrite magmas to segregate from their source at ~50-70 km. It 
is suggested that the remarkable ~90° rapid anticlockwise rotation of the Australian continent 
around the time the basalts erupted resulted in catastrophic delamination of the dense eclogite-
rich subcontinental lithosphere, which was then replaced by an equal volume of an upwelling 
asthenospheric diapir. The upwelling diapir is believed to have produced the parental picritic 
magma responsible for the generation of the Kalkarinji basalts. In addition, the sinking 
lithospheric delaminate would act as a source of volatile components which would enhance the 
rate and degree of melting of the ascending diapir. Seismic tomographic evidence suggest a 
zone of lithospheric thinning persists to the present day in the vicinity of the centre of Kalkarinji 
volcanism. 
Crustal contamination of the Kalkarinji parental pi critic magma by North Australian felsic crust 
and subsequent mixing in magma chambers or sills, was followed by extensive crystal 
fractionation accompanied by further minimal but measurable assimilation of crust prior to 
extrusion of mafic lavas and intrusion of dyke/sill systems in the upper crust. 
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APPENDIX I: SAMPLE LOCATIONS 
Samples were collected across northern Australia during 1998 and 1999 (see Figure 5.1, 
Chapter 5). Co-ordinates for all samples are shown in Table A 1.1 and are presented as AMG 
(Australian Map Grid). Samples AROOl to AR093 were supplied by Argyle Diamonds, 
Western Australia. Samples ND008 to ND016 were core samples supplied by the Northern 
Territory Geological Survey, Northern Territory. Samples PPOOl to PP012 were core samples 
supplied by Ashton Mining Pty Ltd, Western Australia. Samples VR021 to VR027 were core 
samples supplied by Geoscience Australia, Australian Capital Territory. 
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N Table AJ.I w 
00 Sample 
Number MaE Sheet I :250000 Rock Name AMG East AMGNorth Rock DescriEtion 
AROOl Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pink-purple basalt 
AR002 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey basalt 
AR002 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey basalt 
AR003 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 fg pink-grey basalt 
highly vesicular (2-30mm) pink-purple basalt secondary 
AR004 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 ?chloritic/carbonate infill 
AR005 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pink vesicular basalt with secondary ?chloritic infill 
AR006 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg basalt with numerous green ?chloritic segregations 
pink-purple basalt with observable weathered decussate 
AR007 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 feldspar phenocrysts and black ?bituminous segregations 
AR008 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 purple-pink basalt with small green and pink segregations 
AR009 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg dark grey-purple basalt 
AROIO Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg basalt dark purple-grey 
AROll Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg purple-grey basalt 
AR012 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pink-purple mg basalt 
AR013 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg pink-grey basalt 
AR014 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pink-purple basalt with dark oxidised segregations ~ ~ AR015 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg purple-pink basalt with dark segregations ~ 
:= 
dark purple highly vesicular ( l-40mm) basalt- vesicles flow ~ 
AR016 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 aligned. Secondary infill of ?chlorite/carbonate ~· 
highly vesicular (3-8mm) purple basalt. Secondary infill of ~ 
AR017 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 ?chlorite and/or carbonate ~ 
AR018 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 fg purple-pink basalt ~ ~ 
AR019 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 fg dark purple-grey basalt t--< 
~ 
AR020 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 grey basalt (') ~ 
.... 
AR021 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 grey basalt with rare vesicles ~· := 
""' AR022 Lissadell WA (Ar!l;tle) Antrim Plateau Volcanics 421470 8153000 fg basalt pink-grey. Xenolith 
fg =fine-grained, mg = medium-grained 
Table Al.l 
Sample 
Number Map Sheet I :250000 Rock Name AMGEast AMGNorth Rock Description 
AR023 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 fg basalt Rare vesicles with secondary infill 
AR024 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 mg-fg basalt green-grey 
AR025 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 mg-fg basalt. Xenoliths 
AR026 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey basalt 
AR027 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 fg basalt green grey. Very rare vesicles 
AR028 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 f g grey basalt 
AR029 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 fg green-grey basalt 
AR030 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 mg dark-grey basalt 
AR031 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg dark-grey basalt. Minor chlorite alteration 
AR032 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 dark purple-grey basalt mg 
AR033 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 f g grey basalt 
AR034 Lissadell WA (Argyle) Antrim Plateau Volcanics 42 1470 8153000 pale purple-grey basalt. ?secondary silification 
AR035 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 81 53000 mg dark purple-grey basalt 
AR036 Lissadell WA (Argyle) Antri m Plateau Volcanics 421470 8153000 dark grey-green basalt 
AR037 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey basalt ~ 
AR038 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 81 53000 grey basalt with rare black l-2mm segregations ~ 
pink-grey basalt wi th more abundant black l-2mm ~ 
:::"l.. AR039 Lissadell WA (Argyle) Antrim Plateau Volcanics 42 1470 8153000 segregations ~· 
purple vesicular basalt (2-IOmm) secondary ?chloritic infill. :-;. 
AR040 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 Contact to a ?lens of sandstone ~ 
grey-green basalt with abundant vesicles (1-IOmm) 
.§ 
AR041 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 secondary infill of ?chlorite/carbonate ~ 
AR042 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 grey-green basalt with less abundant vesicles to-< ~ 
Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg purple-grey-green basalt r-:, AR043 l::l 
.... 
AR044 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg purple-grey-green basalt ~· ::: 
"" AR045 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8 153000 mg purple-green basalt 
N (.j.) fg =fine-grained, mg =medium-grained 1.0 
t0 Table Al.l 
.j::.. 
0 Sample 
Number MaE Sheet l :250000 Rock Name AMGEast AMGNorth Rock DescriEtion 
AR046 Lissadett WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg purple-green basalt 
AR047 Lissadelt WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey mg basalt 
AR048 Lissadett WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey mg basalt 
AR049 Lissadelt WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey mg basalt 
AR050 Lissadett WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey mg basalt 
AR05l Lissadett WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pink-purple basalt 
purple highly vesicular (3-1 0mm) basalt with secondary 
AR052 Lissadett WA (Argyle) Antrim Plateau Volcanics 421470 8153000 infill 
AR053 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pale pink basalt with small (l-2mm) grey segregations 
pink-purple basalt with abundant black ?bituminous 
AR054 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 segregations 
AR055 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark purple-grey basalt with small green segregations 
pale pink basalt with abundant black ?bituminous 
AR056 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 segregations 
AR057 Lissadelt WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark purple-grey basalt with green segregations (?contact) 
contact between (?flows) pink basalt with black?bituminous 
AR058 Lissadett WA (Argyle) Antrim Plateau Volcanics 421470 8153000 segregations and less oxidised basalt 
AR059 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark purple-grey basalt with green segregations ~ 
AR060 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey basalt "15 ~ ;:: 
AR06l Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey basalt ~ ~· 
AR062 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg dark grey basalt ~ 
AR063 Lissadett WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg dark grey basalt ~ 
AR064 Lissadett WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg dark grey basalt .§ ~ 
AR065 Lissadelt WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey mg basalt to-< ~ 
AR066 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey mg basalt ~ l:l 
.... 
AR067 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark grey mg basalt 5• ;:: 
""' AR068 Lissadell WA (Arg:ile) Antrim Plateau Volcanics 421470 8153000 Eink oxidised basalt 
fg =fine-grained, mg_ =medium-grained 
Table AI. I 
Sample 
Number Ma2 Sheet I :250000 Rock Name AMG East AMG North Rock Descri2tion 
AR069 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pink-green-grey basalt with chloritic segregations 
AR070 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pink-green-grey basalt with chloritic segregations 
AR071 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 grey-green-pink basalt 
AR072 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 grey-green-pink basalt 
AR073 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg dark green-grey basalt 
AR074 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 mg dark green-grey basalt 
AR075 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 green-grey basalt slight oxidation 
AR076 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 dark green-grey basalt 
purple-green basalt with abundant black ?bituminous 
AR077 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 segregations 
pink-grey basalt with abundant 2-1 Omm vesicles econdary 
AR078 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 infill ?chlorite/carbonate 
purple-gren vesicular basalt (2-1 Omm) secondary infill of 
AR079 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 ?chlorite/carbonate 
AR080 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 pink-purple-green basalt 
pink-purple basalt vesicular (2-8mm) secondary infill 
AR081 Lissadell WA (Argyle) Antrim Plateau Volcanics 421470 8153000 ?chlorite/carbonate 
AR082 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 dark grey basalt with minor black segregations ~ 
AR083 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 dark green basalt '15 ~ 
AR084 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 dark green basalt :::::... ~· 
AR085 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 fg basalt vesicular with secondary infill of ?chlorite ~ 
AR086 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 pruple basalt vesicular (2-5mm) secondary infill of ?chlorite ~ 
purple basalt with small l-2mm vesicles contact to quartzite ~ 
AR087 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 lens? ~ 
!:'-; 
AR088 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 pruple-grey basalt ~ ~ 
pruple basalt vesicular (2-4mm) with secondary infill of ~ S· AR089 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 chlorite carbonate alteration and ?prehnite ::: 
"" AR090 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 
N 
421470 8153000 purple-grey basalt rare vesicles 
+:- fg =fine-grained, mg =medium-grained 
...... 
N Table Al.l ~ 
N Sample 
Number MaE Sheet I :250000 Rock Name AMGEast AMG North Rock DescriEtion 
?contact between flow top and flow base. Both vesicular with 
secondary infill of ?chlorite. Vesicules flow aligned in one 
AR091 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 section 
purple basalt with abundant vesicules secondary nfill of 
AR092 Lissadell WA (Argyle) EH3 Antrim Plateau Volcanics 421470 8153000 ?chlorite/carbonate. Contact to quartzite lens? 
AR093 Lissadell WA (Argyle) 0 Antrim Plateau Volcanics 421470 8153000 mg grey basalt 
CGOOI Cambridge Gulf WA Antrim Plateau Volcanics 416280 8276499 partly altered fg-mg pink-purple basalt 
CG002 Cambridge Gulf WA Antrim Plateau Volcanics 462301 8279437 f g grey basalt 
CG003 Cambridge Gulf WA Antrim Plateau Volcanics 434047 8301631 mg purple-grey basalt 
CG004 Cambridge Gulf WA Antrim Plateau Volcanics 422502 8274379 mg purple-grey basalt 
DLOOI DelamereNT Antrim Plateau Volcanics 783920 8318443 mg partly altered basalt. Observable feldspar phenocrysts 
highly vesicular pink-purple altered/weathered 
DL002 Delamere NT Antrim Plateau Volcanics 756738 8287271 amygdaloidal basalt 
altered pink-purple basalt with dark-green (?chlorite) 
DL003 Delamere NT Antrim Plateau Volcanics 785774 8320204 segregations 
DL006 Delamere NT Antrim Plateau Volcanics 784389 8319217 mg grey basalt 
DROOl Daly River NT Antrim Plateau Volcanics 699281 8498150 mg purple-green basalt. Observable feldspar phenocrysts 
DR002 Daly River NT Antrim Plateau Volcanics 699555 8499394 altered purple mg basalt. Observable feldspar phenocrysts 
DR003 Daly River NT Antrim Plateau Volcanics 699493 8499581 mg purple-grey basalt ~ 
DR004 Daly River NT Antrim Plateau Volcanics 700102 8940018 mg purple-grey basalt "15 ~ 
DR005 Daly River NT Antrim Plateau Volcanics 700231 8490055 mg purple-grey basalt ~ R· 
DR006 Daly River NT Antrim Plateau Volcanics 700296 8490055 mg purple-grey basalt ~ 
DR009 Daly River NT Antrim Plateau Volcanics 700279 8496957 mg purple-grey basalt ~ 
DROIO Daly River NT Antrim Plateau Volcanics 700253 8496664 cg pink-green basalt ~ ~ 
DROll Daly River NT Antrim Plateau Volcanics 700231 8496517 cg pink-green basalt t'-< 
~ 
DR012 Daly River NT Antrim Plateau Volcanics 700383 8496630 very cg pink-green basalt !'") ~ 
DR014 Daly River NT Antrim Plateau Volcanics 700835 8496714 mg purple-grey basalt 5· ;: 
""' DROI5 Dal:z-: River NT Antrim Plateau Volcanics 700726 8495379 very cg Eink-green basalt 
fg =fine-grained, mg =medium-grained 
Table Al.l 
Sample 
Number Mae Sheet I :250000 Rock Name AMG East AMG North Rock Descrietion 
DR016 Daly River NT Antrim Plateau Volcanics 700726 8495379 mg purple-grey basalt 
DROI7 Daly River NT Antrim Plateau Volcanics 700726 8495379 mg purple-grey basalt 
DR018 Daly River NT Antrim Plateau Volcanics 699255 8499139 mg green-grey basalt 
DROI9 Daly River NT Antrim Plateau Volcanics 700442 8500839 mg green-grey basalt 
DR021 Daly River NT Antrim Plateau Volcanics 700069 8477800 mg grey basalt 
DXOOl Dixon Range WA Antrim Plateau Volcanics 470727 8024230 glomeroporphrytic basalt- Bingy Bingy Basalt Member 
DX002 Dixon Range WA Antrim Plateau Volcanics 467735 8023745 fg purple-grey basalt 
DX003 Dixon Range WA Antrim Plateau Volcanics 467687 8023741 fg grey basalt 
DX004 Dixon Range WA Antrim Plateau Volcanics 467793 802375 silicified basalt 
DX005 Dixon Range WA Antrim Plateau Volcanics 467654 8023720 fg apahanitic basalt 
DX006 Dixon Range WA Antrim Plateau Volcanics 467626 8023766 vesicular flow top basalt 
DX007 Dixon Range WA Antrim Plateau Volcanics 467626 8023766 brecciated flow top basalt 
DX008 Dixon Range WA Antrim Plateau Volcanics 467819 8023704 glomeroporphrytic basalt- Bingy Bingy Basalt Member 
DX009 Dixon Range WA Antrim Plateau Volcanics 468252 8023545 glomeroporphrytic basalt- Bingy Bingy Basalt Member 
DXOlO Dixon Range WA Antrim Plateau Volcanics 468582 8023640 glomeroporphrytic basalt- Bingy Bi ngy Basalt Member 
DXOII Dixon Range WA Antrim Plateau Volcanics 468725 8023485 glomeroporphrytic basalt- Bingy Bingy Basalt Member ~ 
"'S 
DX012 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt- Bingy Bingy Basalt Member ~ :: 
l:::l. 
DXOJ3 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt- Bingy Bingy Basalt Member ~· 
DX014 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt- Bingy Bingy Basalt Member !"':< ~ 
DXO I5 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt- Bingy Bingy Basalt Member 
.§ 
DXOI6 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt - Bingy Bingy Basalt Member ~ 
DX0 17 Dixon Range WA Antrim Plateau Volcanics 472291 8024685 glomeroporphrytic basalt- Bingy Bingy Basalt Member 
t"-< 
~ 
!") 
DXOI8 Dixon Range WA Antrim Plateau Volcanics 47229 1 8024685 brecciated flow top basalt i::l ~· 
DXO I9 Dixon Range WA Antrim Plateau Volcanics 472360 8024656 fg aphanitic basalt :: ~ 
N DX020 Dixon Range WA Antrim Plateau Volcanics 472314 8024659 fg apahanitic basalt --- - -----
+>- fg =fine-grained, mg = medium-grained 1.;.) 
N Table Al.l t Sample 
Number MaE Sheet I :250000 Rock Name AMGEast AMG North Rock DescriEtion 
DR016 Daly River NT Antrim Plateau Volcanics 700726 8495379 mg purple-grey basalt 
DROl7 Daly River NT Antrim Plateau Volcanics 700726 8495379 mg purple-grey basalt 
DR018 Daly River NT Antrim Plateau Volcanics 699255 8499139 mg green-grey basalt 
DR019 Daly River NT Antrim Plateau Volcanics 700442 8500839 mg green-grey basalt 
DR021 Daly River NT Antrim Plateau Volcanics 700069 8477800 mg grey basalt 
DXOOl Dixon Range WA Antrim Plateau Volcanics 470727 8024230 glomeroporphrytic basalt - Bingy Bingy Basalt Member 
DX002 Dixon Range WA Antrim Plateau Volcanics 467735 8023745 fg purple-grey basalt 
DX003 Dixon Range WA Antrim Plateau Volcanics 467687 8023741 fg grey basalt 
DX004 Dixon Range WA Antrim Plateau Volcanics 467793 802375 silicified basalt 
DX005 Dixon Range WA Antrim Plateau Volcanics 467654 8023720 fg apahanitic basalt 
DX006 Dixon Range WA Antrim Plateau Volcanics 467626 8023766 vesicular flow top basalt 
DX007 Dixon Range WA Antrim Plateau Volcanics 467626 8023766 brecciated flow top basalt 
DX008 Dixon Range WA Antrim Plateau Volcanics 467819 8023704 glomeroporphrytic basalt - Bingy Bingy Basalt Member 
DX009 Dixon Range WA Antrim Plateau Volcanics 468252 8023545 glomeroporphrytic basalt - Bingy Bingy Basalt Member 
DXOIO Dixon Range WA Antrim Plateau Volcanics 468582 8023640 glomeroporphrytic basalt - Bingy Bingy Basalt Member 
DXOII Dixon Range WA Antrim Plateau Volcanics 468725 8023485 glomeroporphrytic basalt - Bingy Bingy Basalt Member ~ ~ 
DXOI2 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt - Bingy Bingy Basalt Member ~ 
~ 
DXOI3 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt- Bingy Bingy Basalt Member ~· 
DXOI4 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt - Bingy Bingy Basalt Member ~ ~ DXOI5 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt- Bingy Bingy Basalt Member ~ 
DX016 Dixon Range WA Antrim Plateau Volcanics 469457 8023655 glomeroporphrytic basalt - Bingy Bingy Basalt Member ~ 
Antrim Plateau Volcanics 472291 8024685 glomeroporphrytic basalt- Bingy Bingy Basalt Member to-< DXOI7 Dixon Range WA ~ (") 
Dixon Range WA Antrim Plateau Volcanics 472291 8024685 brecciated flow top basalt l::l DXOI8 .... ~· 
DXOI9 Dixon Range WA Antrim Plateau Volcanics 472360 8024656 fg aphanitic basalt ::: c;.., 
DX020 Dixon Range WA Antrim Plateau Volcanics 472314 8024659 fg aEahanitic basalt 
fg = fine-grained, mg =medium-grained 
Table Al.l 
Sample 
Number Ma~ Sheet 1:250000 Rock Name AMGEast AMG North Rock Descri~tion 
DX021 Dixon Range WA Antrim Plateau Volcanics 472368 8024671 fg apahanitic basalt 
DX022 Dixon Range WA Antrim Plateau Volcanics 472395 8024658 fg apahanitic basalt 
DX023 Dixon Range WA Antrim Plateau Volcanics 472395 8024658 brecciated flow top basalt 
DX024 Dixon Range WA Antrim Plateau Volcanics 472170 8024323 fg purple-grey basalt 
GD002 Dixon Range WA Antrim Plateau Volcanics 424100 8005736 brecciated flow top basalt 
GD003 Gordon Downs WA Antrim Plateau Volcanics 424072 8005751 fg purple-grey basalt 
GD004 Gordon Downs WA Antrim Plateau Volcanics 424056 8005633 fg purple-grey basalt 
GD005 Gordon Downs WA Antrim Plateau Volcanics 424039 8005687 fg purple-grey basalt 
GD006 Gordon Downs WA Antrim Plateau Volcanics 423928 8005721 purple-grey mg basalt 
GD007 Gordon Downs WA Antrim Plateau Volcanics 423931 8005752 mg purple-grey basalt 
GD008 Gordon Downs WA Antrim Plateau Volcanics 423880 8005816 f g grey basalt 
GD009 Gordon Downs WA Antrim Plateau Volcanics 423766 8005802 pink-grey mg basalt 
GD010 Gordon Downs WA Antrim Plateau Volcanics 423579 8005924 pink-grey mg basalt 
GDOll Gordon Downs WA Antrim Plateau Volcanics 423520 8005732 fg grey basalt 
GD012 Gordon Downs WA Antrim Plateau Volcanics 423365 8005783 fg pink-grey basalt ~ GD015 Gordon Downs WA Antrim Plateau Volcanics 423504 8005786 f g grey basalt "'5 
~ 
GD016 Gordon Downs WA Antrim Plateau Volcanics 423365 8005783 fg pink-grey basalt ::: ~ 
GD017 Gordon Downs WA Antrim Plateau Volcanics 422871 8005676 vesicular flow top basalt 
~-
:-;. 
GD018 Gordon Downs WA Antrim Plateau Volcanics 422891 8005638 purple-grey mg basalt ~ 
GD019 Gordon Downs WA Antrim Plateau Volcanics 422641 8005601 purple-grey mg basalt 
.§ 
GD020 Gordon Downs WA Antrim Plateau Volcanics 422656 8005663 green si licified rock- hydrothermally altered ~ 
t-o-
GD021 Gordon Downs WA Antrim Plateau Volcanics 422609 8005735 purple-grey porphrytic basalt <::) 
GD022 Gordon Downs WA Antrim Plateau Volcanics 422197 8005855 mg green-grey basalt 2 ..... (5• 
GD024 Gordon Downs WA Antrim Plateau Volcanics 407849 7982816 fg grey basalt ::: 
""' 
N GD025 Gordon Downs WA Antrim Plateau Volcanics 467547 7994737 f g grey basalt 
~ fg = fine-grained, mg =medium-grained 
~ Table Al.l Sample 
Number Mae Sheet 1:250000 Rock Name AMG East AMG North Rock Descrietion 
GD028 Gordon Downs WA Antrim Plateau Volcanics 405026 7977572 mg grey basalt 
HS001 Helen Springs NT Helen Springs Volcanics 382537 7961476 mg-cg grey basalt 
HS002 Helen Springs NT Helen Springs Volcanics 383640 7960526 coarse-grained grey basalt 
HS003 Helen Springs NT Helen Springs Volcanics 383751 7960214 c g grey basalt 
HS004 Helen Springs NT Helen Springs Volcanics 383856 7960351 mg purple-grey basalt 
KB001 Leonard River WA Milliwindi Dolerite 746500 8100100 equigranular dolerite 
KT001 Katherine NT Antrim Plateau Volcanics 195000 8388500 mg grey basalt 
KT003 Katherine NT Antrim Plateau Volcanics 195000 8388500 mg grey basalt - black segregations 
KT004 Katherine NT Antrim Plateau Volcanics 195000 8388500 mg grey basalt - black segregations 
LBOOI LimbunyaNT Antrim Plateau Volcanics 512646 8057595 mg porphryitic pink-purple basalt glomerocrysts of feldspar 
LB005 LimbunyaNT Antrim Plateau Volcanics 543032 8068833 fg grey basalt 
LB006 LimbunyaNT Antrim Plateau Volcanics 523595 8062789 glomeroporphyrtic Bingy Bingy Basalt Member 
LB007 LimbunyaNT Antrim Plateau Volcanics 423426 8062435 green-grey basalt 
LB008 LimbunyaNT Antrim Plateau Volcanics 523451 8062404 purple-grey basalt 
LB009 Limbunya NT Antrim Plateau Volcanics 523288 8062279 grey basalt chloritic banding 
LB010 LimbunyaNT Antrim Plateau Volcanics 523239 8062331 mg grey basalt 
::t.. ~ 
LBOll LimbunyaNT Antrim Plateau Volcanics 522616 8060935 mg grey basalt glomeroporphrytic ~ 
!=l.. 
LBOI2 Limbunya NT Antrim Plateau Volcanics 522575 8060920 glomeroporphyrtic Bingy Bingy Basalt Member ~· 
LBOl3 LimbunyaNT Antrim Plateau Volcanics 522423 8060732 mg grey basalt glomeroporphrytic 
:-;.. 
~ LB014 LimbunyaNT Antrim Plateau Volcanics 522235 8060123 fg purple-grey basalt ~ LB015 LimbunyaNT Antrim Plateau Volcanics 521900 8059692 pink-grey mg basalt ~ 
LB016 LimbunyaNT Antrim Plateau Volcanics 550287 8081983 mg purple-grey basalt t-oo ~ 
!") 
LBOI7 LimbunyaNT Antrim Plateau Volcanics 550093 8081962 fg grey basalt ~ 5· LB019 LimbunyaNT Antrim Plateau Volcanics 550121 8081846 fg pink-grey basalt ::: 
""' LB021 Limbun;r:aNT Antrim Plateau Volcanics 550482 8082208 mg eurele-gre;r: basalt 
fg =fine-grained, mg =medium-grained 
Table Al.l 
Sample 
Number MaE Sheet 1:250000 Rock Name AMG East AMG North Rock DescriEtion 
LB022 LimbunyaNT Antrim Plateau Volcanics 551048 8082341 mg grey basalt 
LB024 Limbunya NT Antrim Plateau Volcanics 551140 8082538 flaggy basalt grey 
LB025 LimbunyaNT Antrim Plateau Volcanics 551259 8082710 mg grey-green basalt 
LB026 LimbunyaNT Antrim Plateau Volcanics 551460 8082964 mg grey basalt 
LB027 LimbunyaNT Antrim Plateau Volcanics 551460 8082964 mg grey basalt 
LB032 LimbunyaNT Antrim Plateau Volcanics 554047 8085125 dark grey mg basalt 
MR001 LimbunyaNT Antrim Plateau Volcanics 811130 7947223 equigranular dolerite 
NDOOl Limbunya NT Nutwood Downs Volcanics 397197 8290893 mg grey basalt 
ND002 Limbunya NT Nutwood Downs Volcanics 397248 8290100 mg grey basalt 
ND003 Limbunya NT Nutwood Downs Volcanics 397579 8282461 grey mg basalt 
ND004 Limbunya NT Nutwood Downs Volcanics 396964 8284996 mg grey basalt 
ND008 Limbunya NT Nutwood Downs Volcanics -429300 -8046500 mg grey basalt 
ND009 LimbunyaNT Nutwood Downs Volcanics -429300 -8046500 mg grey basalt 
ND012 Limbunya NT Nutwood Downs Volcanics -429300 -8046500 mg grey basalt 
ND013 Limbunya NT Nutwood Downs Volcanics -429300 -8046500 mg grey basalt ~ 
ND014 Limbunya NT Nutwood Downs Volcanics -429300 - 8046500 grey mg basalt ~ 
ND016 Limbunya NT Nutwood Downs Volcanics -429300 -8046500 mg grey basalt ~ ~ 
PL002 Dixon Range WA Antrim Plateau Volcanics 426414 8078661 mg grey basalt ~· ~ 
PL003 Dixon Range WA Antrim Plateau Volcanics 426414 8078661 mg grey basalt ~ 
PL004 Dixon Range WA Antrim Plateau Volcanics 426547 8078489 mg grey basalt- observable feldspar phenocrysts 
.§ 
PL005 Dixon Range WA Antrim Plateau Volcanics 426651 8078264 mg grey basalt- observable feldspar phenocrysts ~ 
PL006 Dixon Range WA Antrim Plateau Volcanics 426715 8078122 fg-mg grey basalt t--< ~ 
PL008 Dixon Range WA Antrim Plateau Volcanics 426840 8078020 mg grey basalt ~ .... 
PL009 Dixon Range WA Antrim Plateau Volcanics 427223 8077747 mg grey basalt 
;::;· 
;: 
"" 
N PLOIO Dixon Range WA Antrim Plateau Volcanics 427273 8077662 green-grey dolerite 
:!:) fg =fine-grained, mg = medium-grained 
N Table Al.l ~ 
00 Sample 
Number Ma12 Sheet I :250000 Rock Name AMGEast AMG North Rock Descri)2tion 
PLOI1 Dixon Range WA Antrim Plateau Volcanics 427273 8077662 green-grey dolerite 
PLOI2 Dixon Range WA Antrim Plateau Volcanics 427270 8077699 fg grey basalt 
PLOI3 Dixon Range WA Antrim Plateau Volcanics 427444 8077625 fg grey basalt with observable feldspar phenocyrsts 
PLOI4 Dixon Range WA Antrim Plateau Volcanics 4257569 8077606 f g grey basalt 
PLOI5 Dixon Range WA Antrim Plateau Volcanics 427695 8077624 mg grey basalt 
PL016 Dixon Range WA Antrim Plateau Volcanics 427897 8077469 purple-grey basalt 
PLOI7 Dixon Range WA Antrim Plateau Volcanics 428382 8077980 glomeroporphrytic basalt Bingy Bingy Basalt Member 
PLOI8 Dixon Range WA Antrim Plateau Volcanics 428431 8077971 mg purple-grey basalt 
PLOI9 Dixon Range WA Antrim Plateau Volcanics 428643 8077972 fg grey basalt 
PL020 Dixon Range WA Antrim Plateau Volcanics 428598 8077848 mg purple-grey basalt 
PL021 Dixon Range WA Antrim Plateau Volcanics 428752 8077931 mg grey basalt 
PL023 Dixon Range WA Antrim Plateau Volcanics 427273 8077662 green-grey dolerite 
PL030 Dixon Range WA Antrim Plateau Volcanics 426177 8080041 fg grey basalt 
PL031 Dixon Range WA Antrim Plateau Volcanics 426219 8080091 fg grey basalt 
PL032 Dixon Range WA Antrim Plateau Volcanics 426286 8080106 fg grey basalt 
PL033 Dixon Range WA Antrim Plateau Volcanics 426419 8080184 fg grey basalt ~ 
PL034 Dixon Range WA Antrim Plateau Volcanics 426486 8080123 fg grey basalt "'5 ~ 
PL035 Dixon Range WA Antrim Plateau Volcanics 426658 8080107 fg grey basalt ~ ~· 
PL036 Dixon Range WA Antrim Plateau Volcanics 426696 8080118 ?Mn-stained vesicular basalt :-;. 
PL037 Dixon Range WA Antrim Plateau Volcanics 426740 8080069 volcanic breccia ~ ~ PL038 Dixon Range WA Antrim Plateau Volcanics 426740 8080069 fg grey basalt ~ 
PL039 Dixon Range WA Antrim Plateau Volcanics 426827 8080179 chloritic linear segregations in basalt to-< 
~ 
Antrim Plateau Volcanics 426857 8080235 Coarse-grained basalt/dolerite 
!") 
PL040 Dixon Range WA l:l 
.... 
PL042 Dixon Range WA Antrim Plateau Volcanics 426903 8080242 mg grey basalt ~· ::: 
""' PL043 Dixon Range WA Antrim Plateau Volcanics 426925 8080256 fg grey basalt 
fg =fine-grained, mg =medium-grained 
TableAl.l 
Sample 
Number MaE Sheet I :2SOOOO Rock Name AMGEast AMG North Rock DescriEtion 
PL044 Dixon Range WA Antrim Plateau Volcanics 4260S6 8080320 purple-grey basalt 
PL04S Dixon Range WA Antrim Plateau Volcanics 427 1S3 8080336 fg grey basalt 
PL046 Dixon Range WA Antrim Plateau Volcanics 427211 8080326 porphrytic basalt 
PL047 Dixon Range WA Antrim Plateau Volcanics 427407 8080319 purple-grey mg basalt 
PL048 Dixon Range WA Antrim Plateau Volcanics 4274Sl 8080317 purple-grey mg basalt 
PLOSl Dixon Range WA Antrim Plateau Volcanics 427SS2 8080306 fg grey basalt 
PLOS2 Dixon Range WA Antrim Plateau Volcanics 427636 80803Sl fg grey basalt 
PLOS3 Dixon Range WA Antrim Plateau Volcanics 427680 8080348 fg grey basalt 
PLOSS Dixon Range WA Antrim Plateau Volcanics 427838 8080296 porphrytic basalt 
PLOS6 Dixon Range WA Antrim Plateau Volcanics 42790S 8080302 porphrytic basalt 
PLOS7 Dixon Range WA Antrim Plateau Volcanics 427987 8080273 purple-grey basalt 
PLOSS Dixon Range WA Antrim Plateau Volcanics 427824 8080820 fg grey basalt 
PL060 Dixon Range WA Antrim Plateau Volcanics 428080 8080249 mg pink-grey basalt 
PL061 Dixon Range WA Antrim Plateau Volcanics 428168 8080190 flow top breccia 
PL063 Dixon Range WA Antrim Plateau Volcanics 4282S8 8080166 mg grey basalt ~ 
PL064 Dixon Range WA Antrim Plateau Volcanics 428Sl9 8080117 grey mg basalt ~ 
"" PL066 Dixon Range WA Antrim Plateau Volcanics 428S94 8079988 purple-grey basalt :::: ~ 
PL067 Dixon Range WA Antrim Plateau Volcanics 428614 80800 11 mg grey basalt ~· 
:-:-
PL068 Dixon Range WA Antrim Plateau Volcanics 428989 80798Sl fg grey basalt ~ 
PPOOI Brunette Downs NT Peter Piker Volcanics -6SOOOO -7990000 f g dark grey basalt .§ 
PP002 Brunette Downs NT Peter Piker Volcanics -6SOOOO -7990000 fg grey basalt rare vesicles ~ t'-< dark green-grey basalt with minor small pits (?chlorite ~ 
PP003 Brunette Downs NT Peter Piker Volcanics -6SOOOO -7990000 pseudomorphing a primary ferromagnesian mineral) ~ ~ 
...... 
PP004 Calvert Hills NT Peter Piker Volcanics -671900 -8031000 dark green-grey mg basalt ~· :::: 
""' PPOOS Mount Drummond NT Peter Piker Volcanics -667000 -7999800 grey-yellow (minor oxidation) basalt 
N 
~ fg = fine-grained, mg =medium-grained 
N Table AJ.I Vl 
0 Sample 
Number Ma~ Sheet 1:250000 Rock Name AMGEast AMGNorth Rock Descri~tion 
PP006 Mount Drummond NT Peter Piker Volcanics -667000 -7999800 grey-yellow (minor oxidation) basalt 
purple-grey basalt with l-2mm green segregations 
PP007 Mount Drummond NT Peter Piker Volcanics -667000 -7999800 (?chlorite) 
fg altered pruple-green basalt with green ?chloritic 
PP008 Mount Drummond NT Peter Piker Volcanics -667000 -7999800 segregations 
PP009 Mount Drummond NT Peter Piker Volcanics -667000 - 7999800 grey basalt (minor oxidation) 
dark green-grey basalt with minor small pits (?chlorite 
PPOlO WallhallowNT Peter Piker Volcanics - 650000 -8020000 pseudomorphing a primary ferromagnesian mineral) 
PPOII WallhallowNT Peter Piker Volcanics - 650000 -8020000 mg grey basalt 
PPOI2 WallhallowNT Peter Piker Volcanics -660000 - 7990000 mg grey-green basalt 
VROOl Victoria River NT Antrim Plateau Volcanics 732832 8197865 relatively fresh fg-mg dark grey-green basalt 
VR002 Victoria River NT Antrim Plateau Volcanics 732867 8197877 relatively fresh fg-mg dark grey-green basalt 
VR003 Victoria River NT Antrim Plateau Volcanics 732836 8197931 ?slightly altered fg-mg dark grey-green basalt 
VR004 Victoria River NT Antrim Plateau Volcanics 732858 8197925 relatively fresh fg-mg dark grey-green basalt 
VR005 Victoria River NT Antrim Plateau Volcanics 732912 8197945 relatively fresh fg-mg dark grey-green basalt 
VR006 Victoria River NT Antrim Plateau Volcanics 732879 8197962 pink-purple altered fg-mg basalt 
VR007 Victoria River NT Antrim Plateau Volcanics 732865 8197962 pink-purple altered fg-mg basalt 
~ VR008 Victoria River NT Antrim Plateau Volcanics 732865 8197963 pink-purple altered fg-mg basalt 
"'6 
pink-purple altered fg-mg basalt observable feldspar (I) ;:: 
VR009 Victoria River NT Antrim Plateau Volcanics 773335 8186114 phenocrysts ~ ~· 
VROlO Victoria River NT Antrim Plateau Volcanics 787421 8154672 f g grey basalt ~ 
VRO!l Victoria River NT Antrim Plateau Volcanics 767089 8132560 fg grey basalt with small vesicles ~ 
::: 
VR012 Victoria River NT Antrim Plateau Volcanics 766855 8136776 glomeroporphyrtic Bingy Bingy Basalt Member "'6 ~ 
VROI3 Victoria River NT Antrim Plateau Volcanics 792844 8173104 mg pink-grey basalt t'-< 
~ 
Victoria River NT Antrim Plateau Volcanics 756180 8194100 mg pink-grey basalt (') VRJ05 i::l 
.... 
VROI7 Victoria River NT Antrim Plateau Volcanics 758798 8191756 mg pink-grey basalt ~· ;:: 
...., 
VR019 Victoria River NT Antrim Plateau Volcanics 758579 8188354 mg grey basalt 
fg =fine-grained, mg =medium-grained 
Table Al.l 
Sample 
Number Ma12 Sheet I :250000 Rock Name AMGEast AMGNorth Rock Descri12tion 
VR020 Victoria River NT Antrim Plateau Volcanics 757279 8187672 mg pink-grey basalt - pits on surface 
VR021 Victoria River NT Antrim Plateau Volcanics 540712 8074303 mg pink-grey basalt 
VR022 Victoria River NT Antrim Plateau Volcanics 540712 8074303 mg pink-grey basalt 
VR023 Victoria River NT Antrim Plateau Volcanics 540712 8074303 mg pink-grey basalt 
VR025 Victoria River NT Antrim Plateau Volcanics 540712 8074303 pink-grey fg basalt 
VR027 Victoria River NT Antrim Plateau Volcanics 540712 8074303 f g grey basalt 
WHOOI Wave Hill NT Antrim Plateau Volcanics 761787 8084568 fresh very fg dark-grey to black basalt 
WH002 Wave Hill NT Antrim Plateau Volcanics 724651 8077543 relatively fresh fg-mg dark-grey basalt 
WH003 Wave Hill NT Antrim Plateau Volcanics 724651 8077543 altered fg-mg dark-grey-brown basalt 
WH007 Wave Hill NT Antrim Plateau Volcanics 766150 8084648 fg grey basalt 
WH008 Wave Hill NT Antrim Plateau Volcanics 761773 8084502 f g grey basalt 
WH009 Wave Hill NT Antrim Plateau Volcanics 761773 8084502 fresh very fg dark-grey to black basalt 
WHOIO Wave Hill NT Antrim Plateau Volcanics 761773 8084502 fresh very fg dark-grey to black basalt 
WHO II Wave Hill NT Antrim Plateau Volcanics 761773 8084502 fg grey basalt with dark mineral segregations 
WH012 Wave Hill NT Antrim Plateau Volcanics 758990 8084744 mg pink-grey basalt 
very altered pink-purple basalt vesicular amygdaloidal with ~ ~ WLOOI Waterloo NT Antrim Plateau Volcanics 498369 8178440 malachite staining (1) 
very altered pink-purple basalt small vesicles (2-3mm) ;:: ~ 
WL002 Waterloo NT Antrim Plateau Volcanics 507567 8184604 amygdaloidal ~· 
highly vesicular brown rubbly altered ?scoriaceous basalt ~ 
WL003 Waterloo NT Antrim Plateau Volcanics 507576 8184594 (3-10mm vesicles) ~ 
fg altered pink-purple basalt concoidal fracture dark-green 
.§ 
WL004 Waterloo NT Antrim Plateau Volcanics 507547 8184593 segregations ~ 
highly vesicular with fg pink-purple groundmass (vesicles 3- t--o 
WL005 Waterloo NT Antrim Plateau Volcanics 507553 8184685 8mm) minor 2° infill (amygdaloidal) secondary silification? ~ ~ 
green-grey (relatively fresh) mg basalt dark green l::l ;:::-
WL006 Waterloo NT Antrim Plateau Volcanics 507543 8184587 segregations ~· ;:: 
"" WL007 Waterloo NT Antrim Plateau Volcanics 507515 8184618 moderately pink-purple basalt altered (amygdaloidal) 
N 
Vl fg =fine-grained, mg =medium-grained 
....... 
N Table Al.l VI 
N Sample 
Number Mae Sheet I :250000 Rock Name AMGEast AMG North Rock Descrietion 
WL008 Waterloo NT Antrim Plateau Volcanics 507494 8184625 mogr.ratet.r 8{nk-~~le b~salt al~redJ.ffe vesiales g y ve c ar ( - mm amyg al01 a altere pmk-
WL009 Waterloo NT Antrim Plateau Volcanics 507537 8184614 purple basalt 
WLOII Waterloo NT Antrim Plateau Volcanics 507497 8184629 altered pink-purple basalt rare infilled vesicles 
WL012 Waterloo NT Antrim Plateau Volcanics 507489 8184684 grey fg basalt joint oxidised 
WL013 Waterloo NT Antrim Plateau Volcanics 507515 8184679 grey f g basalt 
WL014 Waterloo NT Antrim Plateau Volcanics 507410 8184789 grey fg basalt 
WL015 Waterloo NT Antrim Plateau Volcanics 507541 8184618 grey fg basalt 
WLOI6 Waterloo NT Antrim Plateau Volcanics 507550 8184680 grey fg basalt joint oxidised 
WLOI7 Waterloo NT Antrim Plateau Volcanics 507518 8184604 grey fg-mg basalt 
WL018 Waterloo NT Antrim Plateau Volcanics 507457 8184724 grey fg-mg basalt 
WLOI9 Waterloo NT Antrim Plateau Volcanics 507465 8184670 grey f g-mg basalt black mineral segregations 
WL020 Waterloo NT Antrim Plateau Volcanics 507419 8184732 altered pink-brown fg-mg basalt 
WL021 Waterloo NT Antrim Plateau Volcanics 506088 8168224 dark-grey fg-mg basalt 
WL022 Waterloo NT Antrim Plateau Volcanics 506094 8168179 dark-grey fg-mg basalt 
WL023 Waterloo NT Antrim Plateau Volcanics 506123 8168203 partly altered dark-grey fg-mg basalt- joint-oxidised ~ 
WL024 Waterloo NT Antrim Plateau Volcanics 506161 8168240 chert with malachite ~ 
~ 
WL025 Waterloo NT Antrim Plateau Volcanics 506146 8168192 limestone with malachite ::: ~ 
WL026 Waterloo NT Antrim Plateau Volcanics 507565 8184978 altered pink-green fg-mg basalt ~· 
altered pink-green fg-mg basalt dark-green mineral ~ 
WL027 Waterloo NT Antrim Plateau Volcanics 507585 8184988 segregations into bands ~ 
WL028 Waterloo NT Antrim Plateau Volcanics 507549 8185025 altered pink-green basalt dark mineral segregations .§ ~ 
WL029 Waterloo NT Antrim Plateau Volcanics 507521 8185027 altered pink-green basalt dark mineral segregations to-< 
<::) 
Antrim Plateau Volcanics 507516 8185019 altered vesicular amygdaloidal basalt l"l WL030 Waterloo NT i::l 
..... 
WL031 Waterloo NT Antrim Plateau Volcanics 507516 8185019 altered vesicular amygdaloidal basalt 
1::)• 
::: 
"" WL032 Waterloo NT Antrim Plateau Volcanics 507516 8185019 epidote-altered basalt (?'Z' si lification) 
fg = fine-grained, mg = mediuJll:grained 
Table Al.l 
Sample 
Number MaE Sheet I :250000 Rock Name AMG East AMG North Rock DescriEtion 
WL033 Waterloo NT Antrim Plateau Volcanics 507585 8185034 dark-grey fg-mg basalt 
WL034 Waterloo NT Antrim Plateau Volcanics 507572 8185041 green-grey fg-mg basalt 
WL035 Waterloo NT Antrim Plateau Volcanics 507573 8185025 pale grey-green basalt 
WL036 Waterloo NT Antrim Plateau Volcanics 527100 8201339 dark-grey minor vesicles (I 0.0-20.0mm) amygdaloidal 
WL037 Waterloo NT Antrim Plateau Volcanics 527024 8201372 grey-brown amygdaloidal (3.0-30.0mm vesicles) 
WL038 Waterloo NT Antrim Plateau Volcanics 527103 8201376 highly vesicular amygdaloidal 
WL039 Waterloo NT Antrim Plateau Volcanics 527056 8201362 mg grey basalt 
WL040 Waterloo NT Antrim Plateau Volcanics 527009 8201364 mg grey basalt 
WL041 Waterloo NT Antrim Plateau Volcanics 527009 8201364 mg grey basalt 
WL042 Waterloo NT Antrim Plateau Volcanics 527009 8201364 mg grey basalt 
WL043 Waterloo NT Antrim Plateau Volcanics 551707 8196217 dark-grey fg basalt 
WL044 Waterloo NT Antrim Plateau Volcanics 551668 8196329 dark-grey fg basalt 
WL045 Waterloo NT Antrim Plateau Volcanics 551730 8196350 grey fg basalt- coarse-grained 
WL046 Waterloo NT Antrim Plateau Volcanics 551733 8196296 fresh grey fg basalt 
WL047 Waterloo NT Antrim Plateau Volcanics 551770 8196362 fresh grey fg basalt 
WL048 Waterloo NT Antrim Plateau Volcanics 545844 8201902 pale-grey fg basalt 
WL049 Waterloo NT Antrim Plateau Volcanics 532686 8132699 mg grey basalt 
WL050 Waterloo NT Antrim Plateau Volcanics 532744 8132765 mg grey basalt ~ ~ 
WL051 Waterloo NT Antrim Plateau Volcanics 532722 8132807 mg grey basalt ~ := 
WL052 Waterloo NT Antrim Plateau Volcanics 535019 8220144 mg grey basalt ::::.. ~· 
WL053 Waterloo NT Antrim Plateau Volcanics 535019 8220144 mg grey basalt ~ 
WMOOl Wingate Mountains NT Antrim Plateau Volcanics 706100 8407800 pink-grey fg basalt ~ 
WM002 Wingate Mountains NT Antrim Plateau Volcanics 706100 8407800 fg grey basalt .§ 
AR094 Lissadell WA (Argyle) Revolver Creek Dolerite 421470 8153000 mg grey dolerite ~ 
to-o 
DX025 Lissadell WA (Argyle) unknown 403466 8094097 black fresh dolerite ~ ('") 
KG002 Katherine Gorge WA Carson Volcanics 330979 8441191 fresh grey fg basalt l::l .... ~· 
LR004 Lennard River WA Hart Dolerite 731994 8107001 dolerite := 
""' THOOJ Table Hill Volcanics 391599 7007216 fg grey basalt 
N 
Vl fg =fine-grained, mg = medium-grained w 
Appendix I: Sample Locations 
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Appendix II: Mineral Compositions 
APPENDIX II: MINERAL COMPOSITIONS 
Mineral compositions were determined for Kalkarinji basalts and dolerites directly from thin-
section and also loose mineral grains. The samples were crushed in a tungsten carbide mill, 
sieved and the size fraction between 90 to 180 f.!m retained. The samples were washed to 
remove the clay fraction, then placed in tetrabromoethane (density = 9.7) in order to separate 
the lighter grains (quartz and feldspar) from the more dense grains (pyroxenes and oxide 
minerals). After separation, the grains were washed with acetone (to remove residual 
tetrabromoethane), then placed through a Franz magnetic separator to separate oxide minerals 
from silicates. 
Individual grains were mounted in epoxy resin, then polished down to expose the mineral 
surface. The mounts and thin-sections were carbon coated prior to analysis. Measurements 
were performed by Cameca electron microprobe (Energy Dispersive Spectroscopy - EDS; and 
Wavelength Dispersive Spectroscopy - WDS) at RSES, ANU and also by Analytical SEM, 
JEOL6400 at the Electron Microscopy Unit, ANU. EDS analyses were run at 15 kV and 7 
nanoamps and WDS at 25 kV and 30 nanoamps. 
Pyroxene, feldspar, chromian spinel, ilmenite and titanomagnetite compositions are shown in 
Tables AII.l, AII.2, All.3 and AII.4. 
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N 
VI 
0\ 
All. I Pyroxene Major Element Oxide composi tions and Cation Totals 
Sample AR038 AR038 AR038 AR038 AR038 AR038 
cpx 6 
AR038 
cpx 7 
AR038 
cpx 8 
AR038 
cpx 9 
AR038 AR038 AR038 
cpx I cpx 2 cpx 3 cpx 4 cpx 5 cpx 10 cpx II cpx 12 
SiO, 
TiO, 
AI203 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe' 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
52.7 1 
0.64 
2.62 
0.36 
7.00 
0.15 
17.28 
19.90 
bdl 
100.67 
1.922 
0.018 
0.113 
0.010 
0.214 
0.005 
0.940 
0.778 
3.998 
8 1.5 
48.66 
11.06 
40.28 
53.40 
0.37 
1.90 
0.19 
8.25 
0.15 
18.76 
17.75 
bdl 
100.82 
1.942 
0.010 
0.081 
0.005 
0.251 
0.005 
1.017 
0.692 
4.006 
80.2 
51.90 
12.80 
35.29 
52.57 
0.34 
2. 15 
0.41 
7.82 
0.08 
17.8 1 
17.84 
bdl 
99.02 
1.944 
0.009 
0.094 
0.012 
0.242 
0.003 
0.982 
0.707 
3.993 
80.2 
50.86 
12.53 
36.6 1 
52.96 
0.26 
2.04 
0.79 
6.37 
0.16 
17.48 
19.43 
bdl 
99.48 
1.947 
0.007 
0.088 
0.023 
0.196 
0.005 
0.958 
0.765 
3.990 
83.0 
49.92 
10.21 
39.88 
54.30 
0.30 
1.39 
0.25 
7.27 
0.15 
18.94 
18.22 
bdl 
100.83 
1.965 
0.008 
0.059 
0.007 
0.220 
0.005 
1.022 
0.707 
3.993 
82.3 
52.45 
I 1.29 
36.26 
52.17 
0.47 
3.00 
0.60 
6.32 
0.12 
17.20 
20.06 
bdl 
99.94 
1.914 
0.013 
0.130 
0.017 
0.194 
0.004 
0.940 
0.788 
4.000 
82.9 
48.92 
10.08 
41.00 
54.10 
0.22 
1.37 
0.38 
7. 10 
0.12 
19.37 
17.75 
bdl 
100.40 
1.963 
0.006 
0.059 
0.011 
0.215 
0.004 
1.048 
0.690 
3.996 
82.9 
53.64 
11.03 
35.33 
53.17 
0.36 
2.20 
0.16 
7.44 
0.14 
18.3 1 
18.66 
bdl 
100.45 
1.938 
0.010 
0.095 
0.005 
0.227 
0.004 
0.995 
0.729 
4.002 
81.4 
51.01 
11.63 
37.36 
55.55 
0.12 
0.44 
bdl 
14.40 
0.23 
26.19 
4.00 
bdl 
100.93 
1.988 
0.003 
0.019 
0.431 
0.007 
1.398 
0.153 
3 .999 
76.4 
70.5 1 
2 1.75 
7.74 
53.52 
0.25 
1.91 
0.43 
6.60 
0.14 
18.3 1 
19.06 
bdl 
100.22 
1.950 
0.007 
0.082 
0.0 12 
0.20 1 
0.004 
0.995 
0.744 
3.996 
83.2 
51.27 
10.37 
38.36 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar JOO*Mg/(Mg+Fe 2• ) 
5 1.97 
0.44 
3. 14 
1.09 
7.21 
0.12 
17.47 
18.47 
bdl 
99.90 
1.908 
0.012 
0.136 
0.032 
0.22 1 
0.004 
0.956 
0.727 
3.996 
81.2 
50.22 
11.63 
38. 16 
Detection limits: SiO, <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0. 1 CaO <0.06 Na ,0 <0.12 K,O <0.04 
cpx =clinopyroxene 
bdl = below detection limit 
54.99 
0.11 
0.65 
bdl 
14.5 1 
0.27 
25.71 
3.82 
bdl 
100.06 
1.987 
0.003 
0.028 
0.438 
0.008 
1.385 
0. 148 
3.997 
76.0 
70.26 
22.24 
7.50 
AR038 
cpx 13 
52.21 
0.39 
2.79 
0.74 
7.8 1 
0.00 
17.36 
18.30 
bdl 
99.60 
1.924 
0.011 
0.121 
0.022 
0.241 
0.000 
0.954 
0.722 
3.994 
79.8 
49.75 
12.56 
37.69 
AR038 
cpx 14 
52.88 
0.25 
2.39 
0.99 
6.45 
0.13 
17.96 
19.05 
bdl 
100.11 
1.932 
0.007 
0.103 
0.029 
0.197 
0.004 
0.978 
0.746 
3.995 
83.2 
50.92 
10.26 
38.82 
AR038 
cpx 15 
52.60 
0.34 
2.44 
0.92 
6.20 
0.11 
17.98 
19.48 
bdl 
100.08 
1.924 
0.009 
0.105 
0.027 
0.190 
0.003 
0.980 
0.763 
4.001 
83.8 
50.71 
9.81 
39.48 
GDOI O GDO IO 
cpx I cpx 2 
50.86 
0.36 
1.15 
bdl 
24.57 
0.60 
14.64 
7.10 
bdl 
99.28 
1.972 
0.010 
0.053 
0.797 
0.020 
0.846 
0.295 
3.992 
51.5 
43.67 
41. 11 
15.22 
50.61 
0.86 
1.21 
bdl 
16.89 
0.30 
12.44 
17.62 
bdl 
99.93 
1.941 
0.025 
0.055 
0.542 
0.010 
0.711 
0.724 
4.007 
56.8 
35.98 
27.40 
36.62 
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AII.I Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
SiOz 
Ti02 
AI 20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
GD010 
cpx3 
52.47 
0.33 
1.38 
bdl 
10.82 
0.19 
15.93 
18.38 
bdl 
99.48 
1.961 
0.009 
0.061 
0.338 
0.006 
0.888 
0.736 
3.999 
72.4 
45.24 
17.24 
37.52 
GD010 
cpx4 
52.70 
0.29 
1.42 
0.1 1 
10.53 
0.16 
15.92 
18.94 
bdl 
100.06 
1.959 
0.008 
0.062 
0.327 
0.005 
0.882 
0.754 
4.001 
72.9 
44.92 
16.67 
38.41 
GD010 
cpx 5 
51.71 
0.49 
1.33 
bdl 
12.77 
0.15 
14.76 
18.39 
bdl 
99.60 
1.951 
0.014 
0.059 
0.403 
0.005 
0.830 
0.743 
4.005 
67.3 
42.00 
20.39 
37.61 
GDO!O 
cpx 6 
52.29 
0.48 
1.39 
bdl 
11.54 
0.15 
15.55 
18.90 
bdl 
100.29 
1.949 
0.013 
0.061 
0.360 
0.005 
0.864 
0.755 
4.007 
70.6 
43.67 
18.18 
38.15 
GD010 
cpx 7 
50.73 
0.76 
1.29 
bd1 
16.29 
0.29 
13.01 
17.17 
bdl 
99.54 
1.944 
0.022 
0.058 
0.522 
0.009 
0.743 
0.705 
4.005 
58.7 
37.72 
26.50 
35.78 
GDOIO 
cpx 8 
51.63 
0.56 
1.42 
bdl 
13.18 
0.22 
14.73 
18.09 
bdl 
99.82 
1.946 
0.016 
0.063 
0.416 
0.007 
0.828 
0.731 
4.006 
66.6 
41.94 
21.05 
37.01 
GDO!O 
cpx 9 
50.52 
0.75 
1.06 
bdl 
16.81 
0.35 
12.15 
17.81 
bd1 
99.45 
1.948 
0.022 
0.048 
0.542 
0.011 
0.698 
0.736 
4.006 
56.3 
35.34 
27.43 
37.23 
GD010 
cpx 10 
51.04 
0.66 
1.45 
bdl 
14.08 
0.22 
14.30 
17.68 
bdl 
99.43 
1.940 
0.019 
0.065 
0.448 
0.007 
0.810 
0.720 
4.009 
64.4 
40.97 
22.63 
36.40 
GDOIO 
cpx 11 
50.68 
0.83 
1.42 
bdl 
15.08 
0.30 
13.75 
17.53 
bdl 
99.59 
1.934 
0.024 
0.064 
0.481 
0.010 
0.782 
0.717 
4.011 
61.9 
39.50 
24.30 
36.20 
GD010 
cpx 12 
51.18 
0.60 
1.39 
bdl 
13.59 
0.26 
14.58 
17.77 
bdl 
99.37 
1.943 
0.017 
0.062 
0.431 
0.008 
0.825 
0.723 
4.009 
65.7 
41.69 
21.80 
36.52 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar 1 OO*Mg/(Mg+Fe 2• ) 
GDOIO 
cpx 13 
51.08 
0.74 
1.44 
bdl 
13.84 
0.26 
14.25 
17.80 
bdl 
99.41 
1.941 
0.021 
0.064 
0.440 
0.008 
0.807 
0.725 
4.006 
64.7 
40.94 
22.31 
36.75 
Detection limits: SiC, <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Nap <0.12 K 9 <0.04 
N cpx = clinopyroxene 
~ bdl =below detection limit 
GDOIO 
cpx 14 
52.49 
0.28 
1.35 
bdl 
10.97 
0.20 
16.10 
18.36 
bdl 
99.76 
1.959 
0.008 
0.059 
0.342 
0.006 
0.896 
0.734 
4.004 
72.3 
45.42 
17.36 
37.22 
GDO!O 
cpx 15 
52.34 
0.34 
1.46 
0.14 
10.91 
0.23 
15.12 
18.59 
0.44 
99.55 
1.961 
0.010 
0.064 
0.004 
0.342 
0.007 
0.845 
0.746 
0.032 
4.011 
71.2 
43.70 
17.69 
38.61 
GDOI5 
cpx I 
53.23 
0.21 
1.91 
bdl 
7.10 
0.09 
18.84 
18.11 
bdl 
99.49 
1.952 
0.006 
0.083 
0.218 
0.003 
1.030 
0.711 
4.001 
82.5 
52.57 
11.11 
36.32 
GD015 
cpx 2 
51.63 
0.35 
1.50 
0.08 
13.35 
0.21 
14.15 
17.95 
bdl 
99.21 
1.958 
0.010 
0.067 
0.002 
0.423 
0.007 
0.800 
0.729 
3.997 
65.4 
40.97 
21.68 
37.35 
GD015 
cpx3 
52.49 
0.32 
1.44 
bdl 
9.87 
0.14 
16.74 
17.96 
bdl 
98.97 
1.961 
0.009 
0.063 
0.308 
0.004 
0.932 
0.719 
3.998 
75.1 
47.58 
15.74 
36.69 
GD015 
cpx4 
52.55 
0.42 
2.26 
0.12 
8.79 
0.19 
16.74 
18.78 
bdl 
99.86 
1.941 
0.012 
0.098 
0.004 
0.271 
0.006 
0.922 
0.743 
3.997 
77.2 
47.60 
14.02 
38.38 
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All. I Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si02 
Ti02 
Al20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe' 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosi lite 
Wollastonite 
Notes: 
GDOI5 GDOI5 GDOI5 GDOI5 GD015 
cpx 5 cpx 6 cpx 7 cpx 8 cpx 9 
51.83 
0.29 
1.39 
bdl 
11.83 
0.23 
15.28 
18.21 
bdl 
99.07 
1.957 
0.008 
0.062 
0.373 
0.007 
0.860 
0.737 
4.004 
69.7 
43.65 
18.96 
37.39 
51.36 
0.43 
1.89 
bdl 
13.35 
0.23 
14.56 
17.53 
bdl 
99.36 
1.944 
0.012 
0.084 
0.422 
0.007 
0.821 
0.711 
4.002 
66.0 
42.02 
21.62 
36.36 
52.43 
0.28 
1.42 
bdl 
9.20 
0.19 
15.91 
19.81 
bdl 
99.24 
1.959 
0.008 
0.063 
0.287 
0.006 
0.886 
0.793 
4.002 
75.5 
45.06 
14.62 
40.32 
51.93 
0.37 
1.61 
0.09 
13.59 
0.18 
14.37 
17.83 
0.23 
100.21 
1.952 
0.010 
0.071 
0.003 
0.427 
0.006 
0.805 
0.718 
0.017 
4.009 
65.3 
41.28 
21.90 
36.81 
51.76 
0.41 
1.45 
bdl 
14.83 
0.26 
14.36 
17.22 
bdl 
100.29 
1.951 
0.012 
0.064 
0.467 
0.008 
0.807 
0.695 
4.005 
63.3 
40.96 
23.73 
35.30 
GDOI5 
cpx 10 
51.20 
0.75 
1.63 
bdl 
14.61 
0.34 
14.35 
17.25 
bdl 
100.13 
1.935 
0.021 
0.073 
0.462 
0.011 
0.808 
0.698 
4.008 
63.6 
41.07 
23.46 
35.48 
GDOI5 
cpx I I 
53.17 
0.33 
1.61 
bdl 
9.61 
0.23 
17.10 
18.74 
bdl 
100.80 
1.951 
0.009 
0.070 
0.295 
0.007 
0.936 
0.737 
4.005 
76.0 
47.55 
14.99 
37.46 
GDOI5 
cpx 12 
51.99 
0.50 
1.98 
0.15 
12.58 
0.32 
15.28 
17.85 
bdl 
100.63 
1.936 
0.014 
0.087 
0.004 
0.392 
0.010 
0.848 
0.712 
4.004 
68.4 
43.45 
20.07 
36.48 
GDOI5 
cpx 13 
52.36 
0.36 
1.69 
0.12 
12.07 
0.24 
14.47 
18.81 
bdl 
100.13 
1.958 
0 .010 
0.075 
0.004 
0.378 
0.008 
0.807 
0.754 
3.992 
68.1 
41.63 
19.48 
38.89 
GDOI5 
cpx 14 
51.93 
0.41 
1.51 
bdl 
13.77 
0.20 
14.85 
17.11 
bdl 
99.79 
1.956 
0.012 
0.067 
0.434 
0.006 
0.834 
0.690 
3.999 
65.8 
42.59 
22.15 
35.26 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar IOO*Mg/(Mg+Fe'•) 
GDOI5 
cpx 15 
51.50 
0.56 
1.34 
bdl 
15.19 
0.19 
13.10 
18.01 
bdl 
99.89 
1.957 
0.016 
0.060 
0.483 
0.006 
0.742 
0.733 
3.997 
60.6 
37.90 
24.65 
37.45 
Detection limits: SiO, <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Nap <0.12 K Q <0.04 
cpx = c1 inopyroxene 
bdl = below detection limit 
GD024 GD024 GD024 GD024 GD024 GD024 
~I ~2 ~3 ~4 ~5 ~6 
51.19 
0.83 
1.28 
bdl 
17.39 
0.31 
12.45 
17.40 
bdl 
100.85 
1.945 
0.024 
0.057 
0.553 
0.010 
0.705 
0.708 
4.002 
56.1 
35.87 
28.11 
36.03 
51.51 
0.72 
1.45 
bdl 
14.93 
0.23 
13.75 
17.73 
bdl 
100.33 
1.946 
0.020 
0.065 
0.472 
0.007 
0.774 
0.718 
4.002 
62.1 
39.43 
24.02 
36.55 
51.93 
0.50 
1.45 
bdl 
13.45 
0.29 
14.13 
18.70 
bdl 
100.46 
1.950 
0.014 
0.064 
0.422 
0.009 
0.79 1 
0.752 
4.004 
65.2 
40.24 
21.49 
38.27 
51.35 
0.76 
1.56 
bdl 
13.88 
0.21 
14.00 
18.44 
bdl 
100.20 
1.938 
0.022 
0.069 
0.438 
0.007 
0.788 
0.745 
4.006 
64.3 
39.96 
22.22 
37.82 
52.27 
0.42 
1.48 
bdl 
13.12 
0.24 
14.83 
18.14 
bdl 
100.49 
1.954 
0.012 
0.065 
0.410 
0.008 
0.826 
0.727 
4.002 
66.8 
42.10 
20.89 
37.01 
53.18 
0.46 
1.47 
bdl 
10.94 
0.11 
15.99 
18.55 
bdl 
100.70 
1.962 
0.013 
0.064 
0.338 
0.003 
0.880 
0.733 
3.993 
72.3 
45.09 
17.31 
37.60 
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All.! Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si02 
Ti0 2 
AI203 
Cr203 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
GD024 
cpx 7 
52.61 
0.34 
1.42 
0.13 
10.08 
0.20 
15.54 
19.62 
bdl 
99.94 
1.958 
0.010 
0.062 
0.004 
0.314 
0.006 
0.862 
0.783 
3.999 
73.3 
44.03 
16.02 
39.95 
GD024 
cpx 8 
49.73 
0.75 
1.98 
bdl 
17.55 
0.29 
12.23 
16.90 
bdl 
99.42 
1.921 
0.022 
0.090 
0.567 
0.009 
0.704 
0.699 
4.012 
55.4 
35.74 
28.77 
35.49 
GD024 
cpx 9 
51.35 
0.81 
1.25 
bdl 
16.43 
0.34 
12.69 
17.76 
bdl 
100.63 
1.949 
0.023 
0.056 
0.521 
0.011 
0.718 
0.722 
4.000 
57.9 
36.60 
26.58 
36.82 
GD024 
cpx 10 
51.97 
0.42 
2.07 
0.35 
8.78 
0.20 
15.44 
20.15 
bdl 
99.39 
1.940 
0.012 
0.091 
0.010 
0.274 
0.006 
0.859 
0.806 
3.998 
75.8 
44.31 
14.13 
41.56 
GD024 
cpx II 
51.64 
0.54 
0.70 
bdl 
25.55 
0.46 
16.84 
5.02 
bdl 
100.75 
1.966 
0.015 
0.031 
0.814 
0.015 
0.956 
0.205 
4.002 
54.0 
48.42 
41.21 
10.37 
GD024 
cpx 12 
51.21 
0.41 
2.50 
0.24 
10.98 
0.27 
14.86 
19.18 
bdl 
99.65 
1.922 
0.012 
0.111 
0.007 
0.345 
0.009 
0.831 
0.771 
4.007 
70.7 
42.70 
17.70 
39.61 
GD024 
cpx 13 
50.40 
0.60 
1.97 
0.08 
15.43 
0.28 
11.81 
18.91 
bdl 
99.47 
1.935 
0.017 
0.089 
0.002 
0.495 
0.009 
0.676 
0.778 
4.002 
57.7 
34.68 
25.42 
39.91 
GD024 
cpx 14 
52.21 
0.61 
!.54 
bdl 
12.83 
0.24 
15.10 
18.02 
bdl 
100.56 
1.948 
0.017 
0.068 
0.400 
0.008 
0.840 
0.720 
4.001 
67.7 
42.84 
20.42 
36.74 
GD024 
cpx 15 
52.14 
0.33 
1.80 
0.19 
9.77 
0.23 
15.37 
19.67 
bdl 
99.50 
1.949 
0.009 
0.079 
0.006 
0.305 
0.007 
0.856 
0.788 
4.000 
73.7 
43.93 
15.67 
40.41 
GD025 
cpx I 
50.89 
0.65 
1.77 
bdl 
14.06 
0.20 
14.19 
17.51 
bdl 
99.26 
1.936 
0.019 
0.079 
0.447 
0.006 
0.805 
0.714 
4.006 
64.3 
40.94 
22.76 
36.31 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar !OO*Mg/(Mg+Fe 2+) 
GD025 
cpx 2 
50.51 
0.69 
1.22 
bdl 
17.18 
0.30 
12.32 
17.05 
bdl 
99.26 
1.949 
0.020 
0.055 
0.554 
0.010 
0.709 
0.705 
4.003 
56.1 
36.01 
28.17 
35.82 
Detection limits: Si(), <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Nap <0.12 K 9 <0.04 
cpx =clinopyroxene 
bdl = below detection limit 
GD025 
cpx 3 
51.01 
0.49 
0.75 
bdl 
25.75 
0.54 
16.55 
4.67 
bdl 
99.75 
1.965 
0.014 
0.034 
0.830 
0.018 
0.950 
0.193 
4.004 
53.4 
48. 18 
42.05 
9.77 
GD025 
cpx4 
50.39 
0.66 
1.72 
bdl 
14.17 
0.20 
13.39 
17.94 
bdl 
98.48 
1.938 
0.019 
0.078 
0.456 
0.007 
0.768 
0.739 
4.004 
62.7 
39.12 
23.22 
37.66 
GD025 
cpx 5 
50.34 
0.71 
1.26 
bdl 
15.98 
0.28 
12.93 
17.33 
bdl 
98.83 
1.943 
0.021 
0.057 
0.516 
0.009 
0.744 
0.717 
4.007 
59.1 
37.64 
26.10 
36.26 
GD025 
cpx 6 
50.50 
0.78 
1.60 
bdl 
16.19 
0.27 
12.62 
17.27 
bdl 
99.23 
1.941 
0.023 
0.072 
0.520 
0.009 
0.723 
0.711 
4.000 
58.2 
36.99 
26.62 
36.38 
GD025 
cpx 7 
5l.l9 
0.65 
1.79 
bdl 
15.22 
0.23 
13.67 
17.82 
bdl 
100.57 
1.933 
O.D!8 
0.080 
0.481 
0.007 
0.769 
0.721 
4.009 
61.6 
39.04 
24.38 
36.58 
GD025 
cpx 8 
50.37 
0.63 
2.10 
bdl 
14.89 
0.28 
13.81 
16.79 
bdl 
98.92 
1.929 
0.018 
0.095 
0.477 
0.009 
0.788 
0.689 
4.007 
62.3 
40.35 
24.40 
35.25 
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All. I Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si02 
Ti0 2 
AI20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
GD025 
cpx 9 
50.37 
0.56 
2.07 
bdl 
16.21 
0.32 
12.29 
17.68 
bdl 
99.55 
1.933 
0.016 
0.094 
0.520 
0.010 
0.703 
0.727 
4.005 
57.5 
36.05 
26.68 
37.27 
GD025 GD025 GD025 
cpx 10 cpx II cpx 12 
50.93 51.75 51.04 
0.75 0.68 0.81 
1.56 1.85 1.07 
bdl 
16.47 
0.29 
13.03 
16.98 
bdl 
100.01 
1.942 
0.022 
0.070 
0.525 
0.009 
0.741 
0.694 
4.002 
58.5 
37.80 
26.80 
35.40 
bdl 
13.52 
0.17 
14.74 
18.06 
bdl 
100.76 
1.934 
0.019 
0.081 
0.423 
0.005 
0.821 
0.723 
4.006 
66.0 
41.75 
21.48 
36.77 
bdl 
16.97 
0.40 
11.84 
18.20 
bdl 
100.39 
1.952 
0.023 
0.048 
0.543 
0.013 
0.675 
0.746 
4.002 
55.4 
34.38 
27.64 
37.98 
GD025 
cpx 13 
50.90 
0.84 
2.02 
bdl 
15.72 
0.26 
13.21 
17.69 
bdl 
100.63 
1.925 
0.024 
0.090 
0.497 
0.008 
0.745 
0.717 
4.006 
60.0 
38.02 
25.38 
36.60 
GD025 
cpx 14 
51.59 
0.70 
1.82 
bdl 
14.22 
0.25 
14.15 
18.10 
bdl 
100.84 
1.934 
0.020 
0.080 
0.446 
0.008 
0.791 
0.727 
4.006 
63.9 
40.27 
22.70 
37.02 
GD025 
cpx 15 
51.87 
0.58 
1.72 
bdl 
13.12 
0.21 
15.06 
17.98 
bdl 
100.55 
1.939 
0.016 
0.076 
0.410 
0.007 
0.839 
0.720 
4.007 
67.2 
42.61 
20.83 
36.56 
GD028 
cpx I 
52.81 
0.31 
1.97 
bdl 
7.90 
0.16 
17.48 
19.02 
bdl 
99.64 
1.947 
0.009 
0.086 
0.244 
0.005 
0.961 
0.751 
4.002 
79.8 
49.13 
12.46 
38.42 
GD028 
cpx 2 
50.93 
0.67 
1.86 
bdl 
14.94 
0.24 
14.76 
16.28 
bdl 
99.69 
1.930 
0.019 
0.083 
0.474 
0.008 
0.834 
0.661 
4.009 
63.8 
42.36 
24.06 
33.58 
GD028 
cpx 3 
52.06 
0.52 
1.35 
bdl 
12.39 
0.23 
15.75 
17.61 
bdl 
99.93 
1.950 
0.015 
0.060 
0.388 
0.007 
0.879 
0.707 
4.007 
69.4 
44.55 
19.66 
35.80 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar IOO*Mg/(Mg+Fe 2•) 
GD028 
cpx 4 
51.61 
0.45 
1.84 
bdl 
11.64 
0.14 
16.08 
16.83 
bdl 
98.60 
1.947 
0.013 
0.082 
0.367 
0.004 
0.905 
0.680 
3.999 
71.1 
46.33 
18.82 
34.85 
Detection limits: Si0z <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08Fe0 <0.09 Mn0<0.08 Mg0 <0.1 Ca0<0.06 Nap<0.12 K <;il<0.04 
cpx =clinopyroxene 
bdl =below detection limit 
GD028 
cpx 5 
50.45 
0.76 
1.66 
bdl 
17.92 
0.36 
14.31 
14.30 
bdl 
99.78 
1.929 
0.022 
0.075 
0.573 
0.012 
0.816 
0.586 
4.012 
58.7 
41.31 
29.02 
29.67 
GD028 
cpx 6 
52.63 
0.46 
2.00 
bdl 
10.93 
0.20 
15.94 
18.43 
bdl 
100.60 
1.946 
0.013 
0.087 
0.338 
0.006 
0.878 
0.730 
3.998 
72.2 
45.13 
17.36 
37.51 
GD028 
cpx 7 
51.52 
0.52 
2.18 
bdl 
13.09 
0.24 
15.98 
16.77 
bdl 
100.29 
1.925 
0.015 
0.096 
0.409 
0.008 
0.890 
0.671 
4.013 
68.5 
45.17 
20.76 
34.07 
GD028 
cpx 8 
51.74 
0.56 
1.67 
bdl 
13.80 
0.27 
15.25 
16.70 
bdl 
99.98 
1.944 
0.016 
0.074 
0.434 
0.009 
0.854 
0.672 
4 .003 
66.3 
43.58 
22.12 
34.30 
GD028 
cpx 9 
52.98 
0.25 
2.01 
bdl 
7.85 
0.12 
17.60 
18.80 
bdl 
99.62 
1.951 
0.007 
0.087 
0.242 
0.004 
0.966 
0.742 
3.999 
80.0 
49.56 
12.40 
38.04 
GD028 
cpx 10 
51.75 
0.62 
1.87 
bdl 
10.77 
0.15 
15.65 
19.06 
bdl 
99.86 
1.933 
0.017 
0.082 
0.336 
0.005 
0.872 
0.763 
4.008 
72.1 
44.22 
17.07 
38.71 
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All .! Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si02 
Ti0 2 
AI 20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
GD028 GD028 
cpx II cpx 12 
52.34 51.96 
0.50 0.47 
1.57 1.60 
0.08 bdl 
I 1.00 11.27 
0.!5 0.24 
!6.46 16.32 
17.81 17.58 
bdl bdl 
99.9! 99.45 
1.948 1.945 
0.0!4 0.0!3 
0.069 0.07! 
0.002 
0.342 
0.005 
0.9!3 
0.7!0 
4.003 
72.7 
46.46 
17.42 
36.13 
0.353 
0.008 
0.9!1 
0.705 
4.006 
72.1 
46.26 
17.92 
35.82 
GD028 
cpx 13 
51.27 
0.56 
2.03 
bdl 
12.59 
0.23 
15.97 
16.47 
bdl 
99.12 
1.933 
0.016 
0.090 
0.397 
0.007 
0.898 
0.665 
4.006 
69.3 
45.80 
20.26 
33.95 
GD028 
cpx 14 
51.66 
0.58 
1.93 
bdl 
!1.64 
0.23 
16.22 
17.0! 
bdl 
99.28 
1.938 
0.016 
0.085 
0.365 
0.007 
0.907 
0.684 
4.003 
71.3 
46.38 
!8.67 
34.95 
GD028 
cpx 15 
52.03 
0.46 
1.62 
bdl 
11.00 
0.20 
!6.23 
!8.04 
bdl 
99.58 
1.945 
0.0! 3 
0.07! 
0.344 
0.006 
0.904 
0.723 
4.006 
72.5 
45.89 
!7.45 
36.66 
HS002 
cpx I 
52.8! 
0.25 
1.47 
bdl 
9.97 
0.19 
!5.57 
!8.75 
0.15 
99.16 
1.974 
0.007 
0.065 
0.3!2 
0.006 
0.868 
0.751 
0.01! 
3.992 
73.6 
44.95 
16.!5 
38.90 
HS002 
cpx 2 
52.62 
0.34 
1.37 
bdl 
11.99 
0.15 
15.56 
!8.14 
bdl 
100.17 
1.96! 
0.010 
0.060 
0.374 
0.005 
0.865 
0.724 
3.999 
69.8 
44.05 
!9.04 
36.9! 
HS002 
cpx 3 
53.45 
0.25 
1.43 
bdl 
8.45 
0.20 
17.52 
!8.81 
bdl 
!00.!! 
1.964 
0.007 
0.062 
0.260 
0.006 
0.960 
0.740 
3.998 
78.7 
48.97 
!3.25 
37.78 
HS002 
cpx4 
52.58 
0.32 
1.42 
0.08 
I 1.39 
0.22 
15.90 
18.50 
bdl 
100.42 
1.954 
0.009 
0.062 
0.002 
0.354 
0.007 
0.881 
0.736 
4.005 
71.3 
44.68 
17.96 
37.36 
HS002 
cpx 5 
52.90 
0.29 
1.58 
bdl 
8.70 
0.18 
16.43 
19.47 
bdl 
99.55 
1.962 
0.008 
0.069 
0.270 
0.006 
0.908 
0.774 
3.996 
77.! 
46.54 
!3.82 
39.64 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# = molar JOO*Mg/(Mg+Fe 2• ) 
HS002 
cpx 6 
53.42 
0.28 
1.42 
bdl 
8.20 
0.20 
!7.56 
19.28 
bdl 
!00.35 
1.959 
0.008 
0.061 
0.251 
0.006 
0.960 
0.757 
4.003 
79.2 
48.76 
!2.77 
38.47 
Detection limits: SiO, <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Nap <0.12 K Q <0.04 
cpx =clinopyroxene 
bdl =below detection limit 
HS002 
cpx 7 
52.89 
0.30 
1.35 
bdl 
10.74 
0.18 
!6.57 
18.38 
bdl 
!00.40 
1.957 
0.008 
0.059 
0.332 
0.006 
0.9!4 
0.729 
4.005 
73.3 
46.28 
16.83 
36.89 
HS002 
cpx 8 
52.89 
0.32 
1.58 
bdl 
8.96 
0.1 1 
17.14 
19.0! 
bdl 
!OO.ot 
1.952 
0.009 
0.069 
0.277 
0.003 
0.943 
0.752 
4.005 
77.3 
47.84 
14.03 
38.13 
HS002 
cpx 9 
53.42 
0.22 
!.39 
bdl 
8.88 
0.1 5 
17.07 
19.05 
bdl 
100.!9 
!.966 
0.006 
0.060 
0.273 
0.005 
0.936 
0.751 
3.998 
77.4 
47.76 
13.94 
38.31 
HS002 
cpx 10 
52.07 
0.42 
1.28 
bdl 
13.68 
0.18 
14.53 
18.36 
bdl 
!00.52 
!.953 
0.0!2 
0.057 
0.429 
0.006 
0.8!2 
0.738 
4.007 
65.4 
41.05 
21.68 
37.28 
HS002 
cpx II 
52.97 
0.3! 
1.47 
bdl 
9.33 
0.13 
16.96 
!8.76 
bdl 
99.94 
!.958 
0.009 
0.064 
0.288 
0.004 
0.935 
0.743 
4.001 
76.4 
47.54 
14.67 
37.79 
HS002 
cpx 12 
51.50 
0.58 
2.!3 
bdl 
14.19 
0.35 
14.77 
16.22 
bdl 
99.75 
1.94! 
0.016 
0.095 
0.447 
0.0!1 
0.830 
0.655 
3.995 
65.0 
42.95 
23.15 
33.90 
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All. I Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si02 
Ti02 
AI 20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
HS002 HS002 HS002 KBOO 1 KBOO 1 
cpx 13 cpx 14 cpx 15 cpx 1 cpx 2 
53.24 
0.34 
1.42 
bdl 
9.64 
0.22 
16.94 
18.65 
bdl 
100.43 
1.960 
0.009 
0.062 
0.297 
0.007 
0.930 
0.736 
4.000 
75.8 
47.38 
15.13 
37.49 
53.04 
0.31 
1.29 
bdl 
9.83 
0.16 
16.51 
19. ll 
bdl 
100.26 
1.961 
0.009 
0.056 
0.304 
0.005 
0.910 
0.757 
4.002 
75.0 
46.17 
15.42 
38.41 
53.45 
0.36 
1.62 
bdl 
9.25 
0.25 
17.43 
18.56 
bdl 
100.98 
1.954 
0.010 
0.070 
0.283 
0.008 
0.950 
0.727 
4.003 
77.1 
48.47 
14.43 
37. 10 
52.47 
0.27 
1.16 
bdl 
21.66 
0.35 
17.93 
6.71 
bdl 
100.55 
1.971 
0.008 
0.051 
0.680 
0.011 
1.004 
0.270 
3.996 
59.6 
51.37 
34.81 
13.82 
53.75 
0.19 
0.80 
bdl 
19.88 
0.33 
22.07 
3.80 
bdl 
100.82 
1.978 
0.005 
0.035 
0.612 
0.010 
1.211 
0.150 
4.000 
66.4 
61.39 
31.02 
7.60 
KBOOI 
cpx3 
53.89 
0.23 
1.06 
bdl 
17.59 
0.33 
21.86 
6.23 
bdl 
101.20 
1.969 
0.006 
0.046 
0.537 
0.010 
1.190 
0.244 
4.002 
68.9 
60.38 
27.26 
12.37 
KBOOI 
cpx 4 
53.32 
0.32 
1.83 
0.15 
9.53 
0.22 
17.75 
17.54 
bdl 
100.66 
1.951 
0.009 
0.079 
0.004 
0.292 
0.007 
0.968 
0.688 
3.998 
76.9 
49.72 
14.97 
35.3 1 
KB001 
cpx 5 
52.92 
0.33 
0.98 
bdl 
21.38 
0.33 
19.99 
4.86 
bdl 
100.79 
1.969 
0.009 
0.043 
0.665 
0.010 
1.109 
0.194 
4.000 
62.5 
56.35 
33.81 
9.85 
KB001 
cpx 6 
53.38 
0.23 
0.90 
0.10 
21.81 
0.30 
21.81 
2.47 
bdl 
101.01 
1.971 
0.006 
0.039 
0.003 
0.674 
0.009 
1.201 
0.098 
4.001 
64.1 
60.89 
34.16 
4.96 
KBOOI 
cpx 7 
51.61 
0.30 
Q~ 
bill 
2~66 
Q~ 
16.18 
4~ 
bill 
100.90 
1.970 
0.009 
0.039 
0.851 
0.014 
0.921 
0.199 
4.002 
52.0 
46.72 
43.19 
10.09 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# = molar I OO*Mg/(Mg+Fe 2•) 
KBOOI 
cpx 8 
52.13 
0.31 
0.98 
bdl 
26.61 
0.45 
16.68 
4.33 
bdl 
101.49 
1.972 
0.009 
0.044 
0.842 
0.014 
0.941 
0.176 
3.997 
52.8 
48.04 
43.00 
8.96 
Detection limits: SiO, <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Nap <0. 12 K Q <0.04 
cpx = clinopyroxene 
bdl =below detection limit 
KB001 
cpx 9 
51.62 
0.30 
1.02 
bdl 
25.59 
0.42 
16.24 
5.70 
bdl 
100.90 
1.966 
0.009 
0.046 
0.815 
0.014 
0.922 
0.233 
4.003 
53.1 
46.81 
41.38 
11.81 
KBOOI 
cpx 10 
52.99 
0.38 
1.05 
0.08 
20.99 
0.41 
20.10 
4.92 
bdl 
100.91 
1.967 
0.011 
0.046 
0.002 
0.652 
0.013 
1.112 
0.196 
3 .998 
63.1 
56.76 
33.25 
9.99 
KBOOI 
cpx 11 
50.52 
0.64 
1.01 
bdl 
28.07 
0.44 
13.80 
5.67 
bdl 
100.15 
1.965 
0.019 
0.046 
0.913 
0.014 
0.800 
0.236 
3.993 
46.7 
41.05 
46.84 
12.12 
KBOOI 
cpx 12 
51.06 
1.78 
1.60 
bdl 
14.54 
0.24 
13.35 
17.66 
bdl 
100.24 
1.929 
0.051 
0.071 
0.459 
0.008 
0.752 
0.715 
3.985 
62.1 
39.04 
23.85 
37. 11 
KBOOI 
cpx 13 
51.62 
0.33 
0.94 
bdl 
25.33 
0.37 
17.21 
3.90 
bdl 
99.70 
1.976 
0.010 
0.042 
0.811 
0.012 
0.982 
0.160 
3.993 
54.8 
50.29 
41.52 
8.19 
KB001 
cpx 14 
52.09 
0.25 
1.03 
bdl 
21.81 
0.33 
18.57 
5.57 
bdl 
99.64 
1.971 
0.007 
0.046 
0.690 
0.011 
1.048 
0.226 
3.999 
60.3 
53.35 
35.15 
11.50 
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All. I Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si02 
Ti0 2 
AI20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
KBOOI 
cpx 15 
50.83 
0.43 
1.10 
bdl 
26.03 
0.48 
14.97 
6.59 
bdl 
100.42 
1.957 
0.012 
0.050 
0.838 
0.016 
0.859 
0.272 
4.005 
50.6 
43.63 
42.56 
13.8 1 
ND004 
cpx I 
50.92 
0.79 
1.26 
bdl 
18.34 
0.36 
12.51 
16.28 
bdl 
100.47 
1.946 
0.023 
0.057 
0.586 
0.012 
0.713 
0.667 
4.003 
54.9 
36.26 
29.82 
33.92 
ND004 
cpx 2 
52.89 
0.37 
1.29 
bdl 
9.31 
0.16 
16.99 
18.60 
bdl 
99.62 
1.96 1 
0.010 
0.056 
0.289 
0.005 
0.939 
0.739 
4.000 
76.5 
47.75 
14.68 
37.57 
ND004 
cpx 3 
52.77 
0.41 
1.76 
bdl 
9.76 
0.20 
16.81 
18.77 
bdl 
100.47 
1.945 
0.011 
0.076 
0.301 
0.006 
0.924 
0.741 
4.005 
75.4 
46.99 
15.30 
37.7 1 
ND004 
cpx4 
52.56 
0.46 
1.63 
bdl 
9.78 
0.21 
16.47 
18.55 
bdl 
99.66 
1.953 
0.013 
0.071 
0.304 
0.007 
0.912 
0.738 
3.999 
75.0 
46.67 
15.55 
37.78 
ND004 
cpx 5 
51.42 
0.62 
1.53 
bdl 
15.48 
0.28 
13.56 
17.46 
bdl 
100.34 
1.945 
0.018 
0.068 
0.490 
0.009 
0.765 
0.708 
4.003 
6 1.0 
38.97 
24.96 
36.07 
ND004 
cpx 6 
52.99 
0.39 
1.80 
0.16 
9.45 
0.23 
16.98 
18.17 
bdl 
100.16 
1.953 
0.011 
0.078 
0.005 
0.29 1 
0.007 
0.933 
0.717 
3.995 
76.2 
48.05 
15.00 
36.95 
ND004 
cpx 7 
52.33 
0.45 
2.10 
bdl 
9. 17 
0.18 
16.2 1 
19.19 
bdl 
99.63 
1.943 
0.013 
0.092 
0.285 
0.006 
0.897 
0.763 
3.999 
75.9 
46.12 
14.64 
39.24 
ND004 
cpx 8 
52.69 
0.33 
1.80 
bdl 
9.88 
0.17 
16.23 
18.97 
bdl 
100.o7 
1.952 
0.009 
0.079 
0.306 
0.005 
0.896 
0.753 
4.000 
74.5 
45.84 
15.65 
38.51 
ND004 
cpx 9 
51.40 
0.35 
2.49 
bdl 
11.40 
0.20 
15.67 
17.57 
bdl 
99.08 
1.932 
0.010 
0.110 
0.358 
0.006 
0.878 
0.708 
4.003 
71.0 
45.17 
18.43 
36.40 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar IOO*Mg/(Mg+Fe 2') 
ND004 
cpx 10 
51.02 
0.73 
1.51 
bdl 
17.01 
0.42 
12.57 
17.25 
bdl 
100.56 
1.942 
0.021 
0.068 
0.541 
0.014 
0.713 
0.703 
4.005 
56.8 
36.42 
27.65 
35.93 
Detection limits: SiC), <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr 20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Na 20 <0. 12 K p <0.04 
cpx = clinopyroxene 
bdl = below detection limit 
ND004 
cpx II 
52.45 
0.46 
1.33 
bdl 
12.22 
0.23 
15.69 
17.26 
bdl 
99.65 
1.964 
0.013 
0.059 
0.383 
0.007 
0.876 
0.692 
3.994 
69.6 
44.89 
19.6 1 
35.49 
ND004 
cpx 12 
5 1.46 
0.39 
1.57 
bdl 
13.48 
0.36 
14.17 
18.06 
bdl 
99.50 
1.950 
0.011 
0.070 
0.427 
0.012 
0.801 
0.733 
4.004 
65.2 
40.82 
21.79 
37.39 
ND004 
cpx 13 
52.71 
0.38 
!.51 
bdl 
10.50 
0.29 
16.41 
18.36 
bdl 
100.1 5 
1.954 
0.011 
0.066 
0.326 
0.009 
0.907 
0.729 
4.002 
73.6 
46.23 
16.59 
37.1 8 
ND004 
cpx 14 
52. 18 
0.36 
!.52 
0.13 
11.13 
0.23 
15.85 
18.37 
bdl 
99.83 
1.950 
0.010 
0.067 
0.004 
0.348 
0.007 
0.883 
0.735 
4.006 
7 1.7 
44.91 
17.69 
37.41 
ND004 
cpx 15 
52.65 
0.34 
1.29 
0.12 
9.33 
0.1 6 
17.16 
18.49 
bdl 
99.54 
1.955 
0.009 
0.056 
0.004 
0.290 
0.005 
0.950 
0.736 
4.005 
76.6 
48.09 
14.67 
37.24 
ND004 
cpx 16 
52.64 
0.37 
1.72 
0.15 
9.85 
0. 15 
16.64 
18.55 
bdl 
100.07 
1.948 
0.010 
0.075 
0.004 
0.305 
0.005 
0.918 
0.736 
4.002 
75.1 
46.88 
15.57 
37.56 
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~ All. I Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si0 2 
Ti02 
Al20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstati te 
Ferrosilite 
Wollastonite 
Notes: 
ND008 
cpx I 
53.63 
0.43 
1.53 
bdl 
9.01 
0.20 
17.55 
18.52 
bdl 
100.87 
1.958 
0.0 12 
0.066 
0.275 
0.006 
0.955 
0.725 
3.997 
77.6 
48.87 
14.07 
37.06 
ND008 ND008 
cpx 2 cpx 3 
53.66 53.71 
0.26 0.27 
1.21 1.27 
bdl bdl 
8.78 8.44 
0. 11 0.1 9 
17.90 17.64 
18.45 18.96 
bdl bdl 
100.37 100.48 
1.966 
0.007 
0.052 
0.269 
0.003 
0.978 
0.724 
4.000 
78.4 
49.6 1 
13.65 
36.75 
1.966 
0.007 
0.055 
0.258 
0.006 
0.963 
0.744 
3.999 
78.8 
49.00 
13. 15 
37.85 
ND008 
cpx4 
53.56 
0.25 
1.28 
bdl 
8.77 
0.20 
17.75 
18.46 
bdl 
100.27 
1.965 
0.007 
0.055 
0.269 
0.006 
0.97 1 
0.726 
4.000 
78.3 
49.39 
13.69 
36.92 
ND008 
cpx 5 
54.19 
0.26 
1.37 
bdl 
7.73 
0.15 
17.79 
19.40 
bdl 
100.90 
1.969 
0.007 
0.059 
0.235 
0.005 
0.964 
0.755 
3.994 
80.4 
49.32 
12.02 
38.66 
ND008 
cpx 6 
53.53 
0.24 
1.29 
bdl 
7.87 
0.09 
17.10 
19.69 
bdl 
99.81 
1.97 1 
0.007 
0.056 
0.242 
0.003 
0.939 
0.777 
3.994 
79.5 
47.95 
12.38 
39.68 
ND008 
cpx 7 
54.03 
0.18 
1.30 
bdl 
7.84 
0.16 
17.65 
19.45 
bdl 
100.6 1 
1.97 1 
0.005 
0.056 
0.239 
0.005 
0.960 
0.760 
3.996 
80.1 
48.99 
12.21 
38.80 
ND008 ND008 
cpx 8 cpx 9 
52.79 53.63 
0.3 1 0.29 
1.55 1.52 
bdl bdl 
11.10 8.01 
0.20 0. 16 
16.90 17.79 
17.38 19.00 
bdl bdl 
100.23 100.41 
1.955 
0.009 
0.068 
0.344 
0.006 
0.933 
0.689 
4.003 
73.1 
47.45 
17.48 
35.07 
1.961 
0.008 
0.066 
0.245 
0.005 
0.970 
0.744 
3.998 
79.8 
49.50 
12.50 
38.00 
ND008 
cpx 10 
53.29 
0.39 
1.50 
bdl 
8.49 
0.15 
17.29 
19.1 2 
bdl 
100.22 
1.958 
0.0 11 
0.065 
0.261 
0.005 
0.947 
0.753 
3.999 
78.4 
48.30 
13.31 
38.39 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar 100*Mg/(Mg+Fe 2+) 
ND008 ND008 
cpx II cpx 12 
53.59 53.54 
0.24 0.30 
1.40 1.35 
bdl bdl 
7.60 8.74 
0.15 0.00 
17.73 17.60 
19.38 18.98 
bdl bdl 
100.09 100.50 
1.964 
0.007 
0.060 
0.233 
0.005 
0.969 
0.76 1 
3.999 
80.6 
49.36 
11.87 
38.77 
1.961 
0.008 
0.058 
0.268 
0.000 
0.96 1 
0.745 
4.00 1 
78.2 
48.69 
13.57 
37.74 
Detection li mits: SiO, <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Nap <0. 12 K Q <0.04 
cpx = clinopyroxene 
bdl =below detection limit 
ND008 
cpx 13 
53.47 
0.26 
1.20 
bd1 
8.1 3 
0.16 
17.67 
19.04 
bdl 
99.92 
1.967 
0.007 
0.052 
0.250 
0.005 
0.969 
0.750 
4.000 
79.5 
49.20 
12.70 
38.10 
ND008 
cpx 14 
53.87 
0.31 
1.39 
bdl 
7.92 
0.11 
17.70 
19.29 
bdl 
100.60 
1.966 
0.009 
0.060 
0.242 
0.003 
0.963 
0.754 
3 .996 
79.9 
49.1 6 
12.34 
38.50 
ND008 
cpx 15 
53.44 
0.40 
1.60 
0.09 
7.80 
0.17 
17.73 
19.40 
bdl 
100.68 
1.95 1 
0.0 11 
0.069 
0.238 
0.005 
0.965 
0.759 
4.003 
80.2 
49. 18 
12.14 
38.68 
NDOI 2 
cpx I 
53.46 
0.26 
1.45 
bdl 
7.80 
0.09 
17.57 
19.54 
bdl 
100. 16 
1.961 
0.007 
0.063 
0.239 
0.003 
0.961 
0.768 
4.001 
80.1 
48.82 
12. 16 
39.02 
NDO I2 
cpx 2 
53.84 
0.30 
1.44 
bdl 
8.01 
0.18 
17.43 
19.36 
bdl 
100.56 
1.967 
0.008 
0.062 
0.245 
0.006 
0.949 
0.758 
3.994 
79.5 
48.64 
12.54 
38.83 
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All. I Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si02 
Ti0 2 
Al 20, 
Cr20 , 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
ND012 
cpx 3 
53.66 
0.24 
1.48 
bdl 
7.85 
0.00 
17.73 
19.38 
bdl 
I 00.33 
1.962 
0.007 
0.064 
0.240 
0.000 
0.967 
0.759 
3.999 
80.1 
49.17 
12.21 
38.62 
NDOI2 
cpx4 
53.08 
0.41 
1.31 
bdl 
11.77 
0.22 
16.80 
17.18 
bdl 
100.76 
1.959 
0.011 
0.057 
0.363 
0.007 
0.924 
0.679 
4.001 
71.8 
46.99 
18.47 
34.54 
NDOI2 
cpx 5 
53.46 
0.27 
1.44 
bdl 
7.36 
0.20 
17.44 
19.89 
bdl 
IOO.o7 
1.962 
0.007 
0.062 
0.226 
0.006 
0.954 
0.782 
4.000 
80.9 
48.63 
11.51 
39.86 
NDOI2 
cpx 6 
53.42 
0.30 
1.39 
bdl 
8.13 
0.16 
17.28 
19.41 
bdl 
100.14 
1.963 
0.008 
0.060 
0.250 
0.005 
0.947 
0.764 
3.999 
79.1 
48.28 
12.74 
38.98 
ND012 
cpx 7 
53.55 
0.29 
1.33 
bdl 
8.30 
0.22 
17.49 
19.07 
bdl 
100.26 
1.965 
0.008 
0.058 
0.255 
0.007 
0.957 
0.750 
3.998 
79.0 
48.78 
12.99 
38.23 
NDOI2 
cpx 8 
52.85 
0.32 
1.45 
bdl 
9.92 
0.17 
16.62 
18.49 
bdl 
99.82 
1.960 
0.009 
0.063 
0.308 
0.005 
0.919 
0.735 
3.999 
74.9 
46.85 
15.69 
37.46 
NDOI2 
cpx 9 
53.36 
0.30 
1.43 
bdl 
8.63 
0.19 
17.13 
18.89 
bdl 
99.94 
1.966 
0.008 
0.062 
0.266 
0.006 
0.941 
0.746 
3.995 
78.0 
48.1 9 
13.62 
38. 19 
NDOI2 
cpx 10 
53.75 
0.28 
1.28 
bdl 
8.46 
0.15 
17.50 
19.04 
bdl 
100.47 
1.968 
0.008 
0.055 
0.259 
0.005 
0.955 
0.747 
3.997 
78.7 
48.71 
13.21 
38.09 
NDOI2 
cpx II 
53.43 
0.30 
1.32 
bdl 
8.29 
0.12 
17.36 
19.28 
bdl 
100.10 
1.964 
0.008 
0.057 
0.255 
0.004 
0.951 
0.759 
3.999 
78.9 
48.40 
12.97 
38.63 
NDO I2 
cpx 12 
53.80 
0.26 
1.33 
bdl 
7.82 
0.15 
17.57 
19.06 
bdl 
100.00 
1.973 
0.007 
0.057 
0.240 
0.005 
0.960 
0.749 
3.991 
80.0 
49.28 
12.30 
38.42 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar I OO*Mg/(Mg+Fe 2+) 
NDOI2 
cpx 13 
52.56 
0.36 
1.43 
bdl 
9.86 
0.18 
16.38 
18.93 
bdl 
99.69 
1.955 
0.010 
0.063 
0.307 
0.006 
0.908 
0.755 
4.003 
74.8 
46.12 
15.57 
38.3 1 
Detection limits: Si~ <0.09 Ti0 2 <0.07 AI 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Na 20 <0.12 K :P <0.04 
N cpx =clinopyroxene 
8: bdl =below detection limit 
ND012 
cpx 14 
53.15 
0.34 
1.72 
0.11 
8.42 
0.21 
16.39 
19.44 
0.17 
99.94 
1.961 
0.009 
0.075 
0.260 
0.007 
0.901 
0.768 
0.012 
3.997 
77.6 
46.72 
13.46 
39.82 
NDO I2 
cpx 15 
53.15 
0.27 
1.46 
bdl 
7.66 
0. 11 
17.38 
19.51 
bdl 
99.54 
1.961 
0.007 
0.063 
0.236 
0.003 
0.956 
0.771 
4.000 
80.2 
48.69 
12.04 
39.28 
PL030 
cpx I 
53.32 
0.31 
1.43 
bdl 
9.36 
0.14 
17.20 
18.64 
bdl 
100.40 
1.960 
0.009 
0.062 
0.288 
0.004 
0.943 
0.734 
4 .000 
76.6 
47.98 
14.65 
37.37 
PL030 
cpx 2 
53.30 
0.33 
1.41 
bdl 
8.83 
0.13 
17.03 
19.10 
bdl 
100.1 2 
1.963 
0.009 
0.061 
0.272 
0.004 
0.935 
0.754 
3.998 
77.5 
47.69 
13.87 
38.44 
PL030 
cpx 3 
53.44 
0.31 
1.37 
bdl 
8.24 
0.17 
17.25 
19.00 
bdl 
99.77 
1.969 
0.009 
0.059 
0.254 
0.005 
0.947 
0.750 
3.993 
78.9 
48.55 
13.01 
38.44 
PL030 
cpx 4 
52.41 
0.53 
1.42 
bdl 
11.68 
0.20 
15.69 
18. 16 
bdl 
100.09 
1.954 
0.015 
0.062 
0.364 
0.006 
0.872 
0.726 
4.000 
70.5 
44.46 
18.57 
36.98 
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All.! Pyroxene Major Element Oxide compositions and Cation Totals 
Sample PL030 
cpx 5 
PL030 
cpx 6 
PL030 
cpx 7 
PL030 
cpx 8 
PL030 
cpx 9 
PL030 PL030 PL030 PL030 PL030 PL030 PL038 
cpx 10 cpx II cpx 12 cpx 13 cpx 14 cpx 15 cpx I 
Si02 
Ti02 
Al20, 
Cr20, 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
52.29 
0.53 
1.42 
bdl 
12.14 
0.24 
15.64 
17.89 
bdl 
100.15 
1.952 
0.015 
0.062 
0.379 
0.008 
0.870 
0.716 
4.002 
69.7 
44.30 
19.29 
36.42 
52.30 
0.37 
1.40 
0.08 
12.16 
0.22 
14.78 
18.39 
bdl 
99.69 
1.963 
0.010 
0.062 
0.002 
0.382 
0.007 
0.827 
0.740 
3.994 
68.4 
42.45 
19.59 
37.96 
53.03 
0.38 
1.54 
0.11 
8.98 
0.26 
17.07 
18.90 
bdl 
100.28 
1.953 
0.011 
0.067 
0.003 
0.277 
0.008 
0.937 
0.746 
4.001 
77.2 
47.83 
14.11 
38.06 
53.05 
0.36 
1.43 
0.00 
10.00 
0.20 
16.62 
18.75 
bdl 
100.42 
1.958 
0.010 
0.062 
0.309 
0.006 
0.914 
0.741 
4.001 
74.8 
46.55 
15.71 
37.74 
53.07 
0.24 
1.58 
bdl 
8.75 
0.15 
16.48 
18.85 
0.38 
99.50 
1.967 
0.007 
0.069 
0.271 
0.005 
0.9 11 
0.749 
0.027 
4.005 
77.1 
47.17 
14.05 
38.78 
53.78 
0.21 
1.38 
0.10 
7.68 
0.17 
17.65 
19.28 
bdl 
100.25 
1.968 
0.006 
0.060 
0.003 
0.235 
0.005 
0.963 
0.756 
3.995 
80.4 
49.28 
12.03 
38.69 
52.02 
0.45 
2.23 
bdl 
10.75 
0.11 
15.75 
18.47 
bdl 
99.77 
1.938 
0.013 
0.098 
0.335 
0.003 
0.875 
0.737 
4.000 
72.3 
44.93 
17.20 
37.87 
52.56 
0.47 
2.20 
0.18 
8.08 
0.17 
16.82 
19.48 
bdl 
99.96 
1.937 
0.013 
0.096 
0.005 
0.249 
0.005 
0.924 
0.769 
3.999 
78.8 
47.58 
12.82 
39.60 
51.55 
0.43 
0.79 
bdl 
23 .84 
0.42 
17.33 
5.17 
bdl 
99.53 
1.972 
0.012 
0.036 
0.763 
0.014 
0.989 
0.212 
3.997 
56.4 
50.35 
38.86 
10.80 
51.81 
0.49 
1.76 
bdl 
12.91 
0.23 
14.43 
18.01 
bdl 
99.64 
1.952 
0.014 
0.078 
0.407 
0.007 
0.810 
0.727 
3.995 
66.6 
41.69 
20.92 
37.39 
Determined by electron microprobe (Energy Dispersive Spectroscopy - EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar IOO*Mg/(Mg+Fe 2+) 
52.68 
0.53 
1.51 
0.08 
11.21 
0.28 
15.80 
18.57 
bdl 
100.65 
1.951 
0.015 
0.066 
0.002 
0.347 
0.009 
0.872 
0.737 
4.000 
71.5 
44.59 
17.75 
37.66 
Detection limits: Si~ <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0. 1 CaO <0.06 Nap <0.12 K ~l<0.04 
cpx = clinopyroxene 
bdl =below detection limit 
52.03 
0.28 
0.82 
bdl 
22.36 
0.30 
19.41 
4.69 
bdl 
99.88 
1.965 
0.008 
0.037 
0.706 
0.010 
1.093 
0. 190 
4.008 
60.7 
54.95 
35.51 
9.54 
PL038 
cpx 2 
51.77 
0.56 
1.69 
bdl 
11 .67 
0.25 
14.54 
19.16 
bdl 
99.64 
1.947 
0.016 
0.075 
0.367 
0.008 
0.8 15 
0.772 
4.000 
69.0 
41.71 
18.78 
39.51 
PL038 
cpx 3 
51.01 
0.71 
1.62 
bdl 
13.41 
0.24 
14.11 
18.16 
bd l 
99.26 
1.939 
0.020 
0.073 
0.426 
0.008 
0.799 
0.740 
4.005 
65.2 
40.68 
21.69 
37.63 
PL038 
cpx 3 
51.14 
0.7 1 
1.63 
bdl 
13.45 
0.24 
14.15 
18.20 
bdl 
99.51 
1.939 
0.020 
0.073 
0.426 
0.008 
0.800 
0.739 
4.005 
65.2 
40.69 
21.70 
37.61 
PL038 
cpx4 
53.29 
0.21 
0.74 
bdl 
19.62 
0.28 
21.95 
4.01 
bdl 
100.10 
1.975 
0.006 
0.032 
0.608 
0.009 
1.213 
0.159 
4.003 
66.6 
61.25 
30.71 
8.04 
PL038 
cpx 5 
50.77 
0.75 
1.60 
bdl 
14.11 
0.27 
14.27 
17.88 
bdl 
99.65 
1.929 
0.021 
0.072 
0.448 
0.009 
0.808 
0.728 
4.014 
64.3 
40.73 
22.59 
36.68 
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All.! Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si0 2 
Ti02 
AI 20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
PL038 
cpx 6 
53.59 
0.30 
1.32 
0.09 
7.96 
0.23 
18.65 
17.96 
bdl 
100.10 
1.961 
0.008 
0.057 
0.003 
0.244 
0.007 
1.017 
0.704 
4.001 
80.7 
51.77 
12.40 
35.83 
PL038 
cpx 7 
51.20 
0.49 
1.61 
bdl 
13.38 
0.29 
13.77 
18.71 
bdl 
99.45 
1.944 
0.014 
0.072 
0.425 
0.009 
0.780 
0.761 
4.006 
64.7 
39.66 
21.62 
38.73 
PL038 
cpx 8 
52.01 
0.31 
1.70 
bdl 
10.63 
0.19 
16.80 
17.61 
bdl 
99.24 
1.945 
0.009 
0.075 
0.332 
0.006 
0.937 
0.706 
4.009 
73.8 
47.43 
16.84 
35.73 
PL038 
cpx 9 
51.64 
0.54 
1.51 
bdl 
12.62 
0.33 
14.83 
18.50 
bdl 
99.97 
1.942 
0.015 
0.067 
0.397 
0.011 
0.832 
0.746 
4.009 
67.7 
42.12 
20.11 
37.77 
PL038 
cpx 10 
52.34 
0.33 
1.37 
bdl 
11.33 
0.17 
15.63 
18.65 
bdl 
99.82 
1.957 
0.009 
0.060 
0.354 
0.005 
0.87 1 
0.747 
4.004 
71.1 
44.17 
17.96 
37.88 
PL038 
cpx 11 
51.51 
0.14 
1.48 
bdl 
22.33 
0.31 
19.64 
4.12 
bdl 
99.53 
1.950 
0.004 
0.066 
0.707 
0.010 
1.109 
0.167 
4.013 
61.1 
55.91 
35.66 
8.43 
PL038 
cpx 12 
51.64 
0.40 
1.40 
0.10 
13.28 
0.22 
14.49 
17.98 
bdl 
99.51 
1.953 
0.011 
0.062 
0.420 
0.007 
0.817 
0.729 
4.003 
66.0 
41.56 
21.37 
37.07 
PL038 
cpx 13 
52.71 
0.29 
1.76 
0.31 
7.31 
0.11 
17.70 
19.11 
bdl 
99.31 
1.947 
0.008 
0.077 
0.009 
0.226 
0.003 
0.975 
0.756 
4.002 
81.2 
49.81 
11.54 
38.65 
PL038 
cpx 14 
51.54 
0.38 
1.51 
0.08 
11.86 
0.26 
14.27 
19.12 
bdl 
99.02 
1.953 
0.011 
0.067 
0.002 
0.376 
0.008 
0.806 
0.776 
4.001 
68.2 
41.17 
19.19 
39.64 
PL038 
cpx 15 
52.84 
0.26 
0.71 
bdl 
19.40 
0.35 
21.12 
4.52 
bdl 
99.21 
1.979 
0.007 
0.031 
0.608 
0.011 
1.179 
0.181 
3.998 
66.0 
59.91 
30.87 
9.22 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar 100*Mg/(Mg+Fe 2•) 
PL040 
cpx 1 
53.41 
0.40 
1.80 
bdl 
8.97 
0.19 
17.87 
18.07 
bdl 
100.71 
1.951 
0.011 
0.077 
0.274 
0.006 
0.973 
0.707 
3.999 
78.0 
49.79 
14.02 
36.19 
Detection limits: Si0,<0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08Fe0<0.09 Mn0<0.08 Mg0<0.1 Ca0<0.06 Naz0<0.12 K 9<0.04 
N cpx =clinopyroxene 
2j bdl =below detection limit 
PL040 
cpx 2 
53.89 
0.19 
1.33 
bdl 
6.76 
0.18 
16.97 
21.12 
bdl 
100.46 
1.970 
0.005 
0.057 
0.207 
0.006 
0.925 
0.827 
3.996 
81.7 
47.22 
10.55 
42.23 
PL040 
cpx 3 
52.06 
0.23 
1.39 
bdl 
8.11 
0.32 
14.90 
21.71 
bdl 
98.71 
1.959 
0.007 
0.062 
0.255 
0.010 
0.836 
0.875 
4.004 
76.6 
42.51 
12.98 
44.51 
PL040 
cpx4 
53.55 
0.31 
2.07 
0.13 
6.67 
0.15 
17.78 
20.04 
bdl 
100.70 
1.947 
0.008 
0.089 
0.004 
0.203 
0.005 
0.963 
0.780 
3.999 
82.6 
49.49 
10.42 
40.09 
PL040 
cpx 5 
52.84 
0.18 
1.09 
bdl 
7.86 
0.32 
15.16 
22.01 
bdl 
99.45 
1.970 
0.005 
0.048 
0.245 
0.010 
0.843 
0.879 
4.001 
77.5 
42.84 
12.46 
44.70 
PL040 
cpx 6 
53.66 
0.31 
1.74 
0.12 
7.30 
0.09 
18.71 
17.89 
bdl 
99.83 
1.960 
0.009 
0.075 
0.003 
0.223 
0.003 
1.019 
0.700 
3.992 
82.0 
52.46 
11.48 
36.05 
PL040 
cpx 7 
53.25 
0.37 
2.24 
0.15 
6.57 
0.10 
16.86 
20.71 
bdl 
100.25 
1.947 
0.010 
0.097 
0.004 
0.201 
0.003 
0.919 
0.811 
3.992 
82.1 
47.59 
10.40 
42.01 
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All. I Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
SiO:! 
Ti02 
Al203 
Cr203 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
PL040 
cpx 8 
54.19 
0.!8 
0.96 
bdl 
8.32 
0.16 
19.06 
17.40 
bdl 
100.28 
1.977 
0.005 
0.041 
0.254 
0.005 
1.036 
0.680 
3.998 
80.3 
52.60 
12.88 
34.5 1 
PL040 
cpx 9 
53 .27 
0.36 
1.88 
bdl 
7.82 
0.19 
17.64 
18.98 
bdl 
100.20 
1.952 
0.010 
0.081 
0.240 
0.006 
0.963 
0.745 
3.999 
80.1 
49.46 
12.30 
38.24 
PL040 PL040 PL040 
cpx 10 cpx II cpx 12 
54.16 
0.28 
1.06 
bdl 
7.32 
0.14 
18.43 
18.84 
bdl 
100.24 
1.975 
0.008 
0.046 
0.223 
0.004 
1.002 
0.736 
3.994 
81.8 
51.09 
11.38 
37.53 
53.43 
0.23 
1.21 
bdl 
7.78 
0.32 
15.60 
21.07 
bdl 
99.64 
1.979 
0.006 
0.053 
0.241 
0.010 
0.862 
0.836 
3.988 
78.1 
44.44 
12.43 
43.13 
52.70 
0.33 
1.88 
bdl 
7.04 
0.21 
16.74 
20.68 
bdl 
99.57 
1.947 
0.009 
0.082 
0.218 
0.007 
0.922 
0.819 
4.003 
80.9 
47.09 
11.11 
41.81 
PL040 
cpx 13 
54.05 
0.19 
1.05 
bdl 
7.41 
0.14 
18.78 
18.25 
bdl 
99.87 
1.976 
0.005 
0.045 
0.227 
0.004 
1.024 
0.715 
3.996 
8 1.9 
52.09 
11.53 
36.38 
PL040 
cpx 14 
53.56 
0. 17 
1.30 
bdl 
7.71 
0.21 
17.29 
19.71 
bdl 
99.96 
1.969 
0.005 
0.056 
0.237 
0.007 
0.948 
0.776 
3.998 
80.0 
48.32 
12.09 
39.59 
PL040 
cpx 15 
54.25 
0.22 
1.34 
bdl 
7.59 
0.12 
19.11 
18.21 
bdl 
100.91 
1.965 
0.006 
0.057 
0.230 
0.004 
1.032 
0.707 
4.002 
81.8 
52.42 
11.68 
35.90 
PL051 
cpx I 
52.92 
0.33 
1.81 
0.22 
9.33 
0.18 
17.43 
18.29 
bdl 
100.51 
1.944 
0.009 
0.078 
0.006 
0.287 
0.006 
0.955 
0.720 
4.005 
76.9 
48.68 
14.62 
36.71 
PL051 
cpx 2 
51.82 
0.60 
1.36 
bdl 
14.96 
0.28 
13.90 
17.59 
bdl 
100.51 
1.952 
0.017 
0.060 
0.471 
0.009 
0.781 
0.710 
4.001 
62.4 
39.79 
24.02 
36.19 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar JOO*Mg/(Mg+Fe 2•) 
PL051 
cpx 3 
54.23 
0.21 
0.69 
bdl 
16.56 
0.31 
23.78 
4.65 
bdl 
100.43 
1.978 
0.006 
0.030 
0.505 
0.010 
1.293 
0.182 
4.002 
71.9 
65.31 
25.51 
9.18 
Detection limits: SiO:! <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Nap <0. 12 K 9 <0.04 
cpx = clinopyroxene 
bdl =below detection limit 
PL05! 
cpx4 
53.29 
0.22 
1.42 
bdl 
9.99 
0.13 
15.80 
18.24 
0.21 
99.39 
1.983 
0.006 
0.062 
0.311 
0.004 
0.876 
0.727 
0.015 
3.989 
73.8 
45.78 
16.24 
37.98 
PL05! 
cpx 5 
52.69 
0.34 
!.57 
bdl 
9.69 
0.20 
16.06 
18.66 
0.29 
99.65 
1.960 
0.010 
0.069 
0.302 
0.006 
0.891 
0.744 
0.021 
4.010 
74.7 
46.01 
15.57 
38.42 
PL051 
cpx 6 
51.62 
0.51 
1.40 
bdl 
13.40 
0.18 
14.78 
17.40 
bdl 
99.29 
1.954 
0.015 
0.062 
0.424 
0.006 
0.834 
0.706 
4.000 
66.3 
42.47 
21.60 
35.93 
PL051 
cpx 7 
52.54 
0.48 
2.31 
0.08 
9.53 
0.24 
16.9 1 
18.69 
bdl 
100.83 
1.929 
0.013 
0.100 
0.002 
0.293 
0.007 
0.926 
0.735 
4.007 
76.0 
47.38 
14.98 
37.64 
PL051 
cpx 8 
52.12 
0.54 
1.30 
bdl 
13.53 
0.23 
14.92 
17.72 
bdl 
100.35 
1.953 
O.Dl5 
0.057 
0.424 
0.007 
0.834 
0.712 
4.003 
66.3 
42.33 
21.54 
36.13 
PL051 
cpx 9 
52.47 
0.33 
0.75 
bdl 
22.17 
0.39 
19.61 
4.72 
bdl 
100.45 
1.969 
0.009 
0.033 
0.696 
0.012 
1.097 
0.190 
4.006 
61.2 
55.33 
35.09 
9.57 
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AII.l Pyroxene Major Element Oxide compositions and Cation Totals 
Sample 
Si02 
TiOz 
AI20 3 
Cr20 3 
FeO 
MnO 
MgO 
CaO 
Na 20 
Total 
Si 
Ti 
AI 
Cr 
Fe2 
Mn 
Mg 
Ca 
Na 
Total Cations 
mg# 
Enstatite 
Ferrosilite 
Wollastonite 
Notes: 
PL051 
cpx 10 
52.72 
0.26 
1.29 
0.12 
9.92 
0.16 
16.87 
17.91 
bdl 
99.25 
1.964 
0.007 
0.057 
0.004 
0.309 
0.005 
0.937 
0.7 15 
3.998 
75.2 
47.78 
15.76 
36.46 
PL051 
cpx 11 
52.00 
0.38 
1.60 
bdl 
10.69 
0.18 
15.91 
18.42 
bdl 
99.19 
1.951 
0.011 
0.071 
0.335 
0.006 
0.890 
0.740 
4.003 
72.6 
45.27 
17.06 
37.67 
PL051 
cpx 12 
52.12 
0.52 
1.85 
bdl 
10.59 
0.23 
16.19 
18.66 
bdl 
100.16 
1.937 
0.015 
0.081 
0.329 
0.007 
0.897 
0.743 
4.008 
73.2 
45.55 
16.72 
37.73 
PL05l 
cpx 13 
52.73 
0.52 
1.56 
bdl 
11.09 
0.17 
16.32 
18.50 
bdl 
100.88 
1.946 
0.014 
0.068 
0.342 
0.005 
0.898 
0.732 
4.006 
72.4 
45.54 
17.36 
37.10 
PL051 
cpx 14 
50.38 
0.53 
2.13 
bdl 
12.92 
0.17 
16.10 
18.15 
bdl 
100.42 
1.892 
O.Ql5 
0.094 
0.406 
0.005 
0.902 
0.730 
4.047 
69.0 
44.24 
19.92 
35.84 
PL05 1 
cpx 15 
52.20 
0.54 
1.39 
bdl 
12.68 
0.29 
15.35 
18.07 
bdl 
100.51 
1.948 
0.015 
0.061 
0.396 
0.009 
0.854 
0.723 
4.006 
68.3 
43.30 
20.07 
36.63 
PL053 
cpx 1 
53.05 
0.34 
1.46 
0.11 
9.37 
0.12 
16.89 
19.09 
bdl 
10Q.43 
1.954 
0.009 
0.063 
0.003 
0.289 
0.004 
0.927 
0.753 
4.003 
76.3 
47.09 
14.66 
38.25 
PL053 
cpx 2 
53.12 
0.36 
1.41 
0.14 
9.11 
0.14 
17.39 
18.89 
bdl 
100.56 
1.951 
0.010 
0.061 
0.004 
0.280 
0.004 
0.952 
0.743 
4.006 
77.3 
48.20 
14.17 
37.63 
PL053 
cpx 3 
52.54 
0.43 
1.44 
0.08 
11.11 
0.18 
15.71 
19.03 
bdl 
100.52 
1.950 
0.012 
0.063 
0.002 
0.345 
0.006 
0.869 
0.757 
4.005 
71.6 
44.11 
17.50 
38.40 
PL053 
cpx4 
52.52 
0.32 
1.69 
0.08 
9.52 
0.25 
15.79 
19.80 
bdl 
99.98 
1.951 
0.009 
0.074 
0.002 
0.296 
0.008 
0.874 
0.788 
4.002 
74.7 
44.65 
15.10 
40.24 
Determined by electron microprobe (Energy Dispersive Spectroscopy- EDS) at RSES, ANU. All elemental oxide data are wt% 
Mg# =molar JOO*Mg/(Mg+Fe 2•) 
PL053 
cpx 5 
50.73 
0.74 
1.60 
bdl 
15.97 
0.22 
13.37 
17.22 
bdl 
99.85 
1.935 
0.021 
0.072 
0.509 
0.007 
0.760 
0.704 
4.008 
59.9 
38.53 
25.81 
35.66 
Detection li mits: SiD:! <0.09 Ti0 2 <0.07 Al 20 3 <0.09 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 Na,Q<0.12 K Q <0.04 
cpx =clinopyroxene 
bdl =below detection limit 
PL053 
cpx 6 
52.50 
0.45 
1.36 
bdl 
11.85 
0.22 
16.23 
17.70 
bdl 
100.32 
1.952 
0.013 
0.060 
0.369 
0.007 
0.900 
0.705 
4.005 
70.9 
45.59 
18.67 
35.74 
PL053 
cpx 7 
52.53 
0.45 
1.45 
0.08 
9.73 
0.15 
16.40 
19.48 
bdl 
100.28 
1.946 
0.013 
0.063 
0.002 
0.301 
0.005 
0.906 
0.773 
4.009 
75.0 
45.74 
15.22 
39.04 
PL053 
cpx 8 
50.32 
0.53 
1.90 
bdl 
15.92 
0.30 
13.19 
17.05 
bdl 
99.22 
1.932 
0.015 
0.086 
0.511 
0.010 
0.755 
0.701 
4.010 
59.6 
38.37 
25.98 
35.65 
PL053 
cpx 9 
52.47 
0.34 
1.41 
0.10 
9.57 
0.19 
16.84 
18.62 
bdl 
99.55 
1.952 
0.010 
0.062 
0.003 
0.298 
0.006 
0.934 
0.742 
4.006 
75.8 
47.32 
15.08 
37.60 
PL053 cpx 
10 
51.48 
0.55 
2.54 
0.12 
10.11 
0.10 
15.92 
18.92 
bdl 
99.74 
1.919 
0.015 
0.11 2 
0.004 
0.315 
0.003 
0.885 
0.756 
4.008 
73.7 
45.24 
16.12 
38.64 
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AII.2: Felds£ar Major Element Oxide Com£ositions and Cation Totals 
Sample WL016 AR038 AR038 AR038 AR038 WL033 PL040 HS002 HS002 HS002 VROOI 
Whole Rock Cumulate 
MgO wto/o xenolith 8.83 8.83 8.83 8.83 8.54 8.03 7.08 7.08 7.08 6.89 
Si02 53.97 50.87 52.32 51.07 62.50 49.80 67.37 55.62 50.81 54.97 50.23 
Al 20 3 28.87 31.02 29.72 30.52 18.47 29.54 21.24 28.29 30.75 27.62 30.25 
FeO 0.70 1.17 0.68 1.24 0.76 0.82 bdl 0.75 0.95 0.74 0.99 
CaO 11.92 14.48 13.29 13 .83 1.53 13.71 1.97 10.90 14.14 10.33 13.84 
Na 20 4.84 2.92 3.83 3.55 2.15 3.25 10.82 5.01 3.34 5.02 3.34 
K20 0.33 0.15 0.20 0.19 12.15 bdl bdl 0.45 bdl 0.36 0.27 
Total 100.63 100.61 100.04 100.40 98.03 97.12 101.40 101.02 99.99 99.04 98.92 
Si 2.436 2.312 2.380 2.328 2.933 2.339 2.915 2.490 2.321 2.505 2.323 
AI 1.536 1.662 1.594 1.640 1.022 1.635 1.083 1.493 1.655 1.483 1.649 
Fe 0.026 0.044 0.026 0.047 0.030 0.032 bdl O.Q28 0.036 0.028 0.038 
Ca 0.576 0.705 0.648 0.675 0.077 0.690 0.091 0.523 0.692 0.504 0.686 
Na 0.424 0.257 0.338 0.314 0.196 0.296 0.908 0.435 0.296 0.444 0.299 
K 0.019 0.009 0.012 0.011 0.727 bdl bdl 0.026 bdl 0.021 0.016 
Cations 5.020 4.990 5.000 5.010 5.020 4.990 5.000 4.990 5.000 4.990 5.010 
Albite 41.6 26.5 33.9 31.4 19.6 30.0 90.9 44.2 29.9 45.8 29.9 
Anorthite 56.6 72.6 65.0 67.5 7.7 70.0 9.1 53.2 70.1 52.1 68.5 
Orthoclase 1.9 0.9 1.2 1.1 72.7 bdl bdl 2.6 0.0 2.2 1.6 
Notes: 
Determined by Analytical SEM, JEOL 6400 at the Electron Microscopy Unit, ANU. All elemental oxide data are wt% 
Detection limits: Si~<0.09 Al 20 3 <0.09 Fe0<0.09 Ca0<0.06 Na~<0.12 K :0<0.04 
bdl =below detection limit 
VROOI ND012 WH009 WH009 WHOOI WHOOI WHOOI WHOOI 
6.89 6.29 4.26 4.26 4.09 4.09 4.09 
51.13 50.77 51.55 54.43 64.45 63.95 64.74 63.30 
29.6 1 30. 13 28.46 26.69 18.49 18.46 17.93 18.27 
0.88 0.00 1.17 1.27 0.63 0.63 0.41 0.62 
13.50 13.65 12.29 10.0 1 0.50 0.87 0.20 0.86 
3.69 3.94 3.95 5.44 3.1 5 4.06 2.30 4.02 
0.24 0.15 0.21 0.37 11.1 8 10.10 12.42 9.99 
99.05 98.64 97.63 98.21 98.39 98.07 98.00 97.06 
2.357 2.343 2.404 2.512 2.983 2.968 3.013 2.968 
1.609 1.639 1.564 1.452 1.009 1.010 0.984 1.010 
0.034 bdl 0.046 0.049 0.024 0.024 0.016 0.024 
0.667 0.675 0.614 0.495 0.025 0.043 0.010 0.043 
0.330 0.353 0.357 0.487 0.283 0.365 0.208 0.365 ::to. 
0.014 0.009 0.012 0.022 0.660 0.598 0.737 0.598 :g 
5.010 5.020 5.000 5.020 4.980 5.010 4.970 5.009 ~ 
32.6 34.0 36.3 48.5 29.2 36.3 21.8 36.3 ~ ~· 
66.0 65.1 62.4 49.3 2.5 4.3 1.1 4.3 ~ 1.4 0.9 1.3 2.2 68.2 59.4 77.2 59.4 .. 
~ :::· 
!1) 
~ 
-g 
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::::;: 
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AIJ.2: FeldsEar Major Element Oxide ComEositions and Cation Totals 
Sample WH001 LB019 KB001 KBOOl KBOOl KBOOl KBOOl KBOOl KBOOl PL040 WL019 WL019 WL019 WL019 WL019 
Whole Rock 
MgOwt% 4.09 3.38 6.53 6.53 6.53 6.53 6.53 6.53 6.53 8.03 5.29 5.29 5.29 5.29 5.29 
Si02 63.79 54.03 58.74 63.31 50.35 51.21 64.95 60.76 54.27 67.2 55.19 69.23 58.06 55.07 68.98 
Al 20 3 18.30 27.37 24.7 18.11 30.37 31.8 18.36 25.4 29.13 21.19 28.6 20.04 27.11 28.7 20.06 
FeO 0.62 1.44 0.37 0.51 0.72 0.51 0.59 0.36 1.09 bdl 1.71 0.33 0.82 1.11 0.55 
CaO 0.49 10.59 7.18 0.06 14.16 14.59 0.08 7.22 12.22 1.97 2.09 0.37 8.95 10.42 0.22 
Na 20 3.12 5.12 6.85 0.71 3.13 3.2 0.44 7.08 4.49 10.79 3.85 10.97 5.96 4.99 10.91 
K20 11.07 0.45 0.59 15.5 0.22 0.09 16.36 0.65 0.3 bdl 5.88 0.05 0.91 0.89 0.04 
Total 97.39 99.00 98.43 98.2 98.95 101.4 100.78 101.47 101.5 101.147 97.32 100.99 101.81 101.18 100.76 
Si 2.983 2.480 2.667 2.985 2.324 2.303 2.990 2.675 2.431 2.915 2.566 2.990 2.571 2.470 2.987 
AI 1.009 1.480 1.322 1.006 1.652 1.686 0.996 1.318 1.538 1.083 1.567 1.020 1.415 1.517 1.024 
Fe 0.024 0.055 0.014 0.020 0.028 0.019 0.023 0.013 0.041 0.000 0.066 0.012 0.030 0.042 0.020 
Ca 0.025 0.521 0.349 0.003 0.700 0.703 0.004 0.341 0.587 0.092 0.104 0.017 0.425 0.501 0.010 
Na 0.283 0.456 0.603 0.065 0.280 0.279 0.039 0.604 0.390 0.907 0.347 0.919 0.512 0.434 0.916 ::t... 
K 0.660 0.026 0.034 0.932 0.013 0.005 0.961 0.037 0.017 bdl 0.349 0.003 0.051 0.051 0.002 ~ Cations 4.984 5.020 4.990 5.011 4.997 4.996 5.012 4.987 5.004 4.997 4.999 4.961 5.003 5.014 4.960 
"' ::: 
Albite 29.2 45.4 61.1 6.5 28.2 28.3 3.9 61.6 39.2 90.8 43.4 97.9 51.8 44.0 98.7 ~ Anorthite 2.5 51.9 35.4 0.3 70.5 71.2 0.4 34.7 59.0 9.2 13.0 1.8 43.0 50.8 1.1 ~ Orthoclase 68.2 2.6 3.5 93.2 1.3 0.5 95.7 3.7 1.7 bdl 43.6 0.3 5.2 5.2 0.2 .. 
Notes: ~ :::· 
Determined by Analytical SEM, JEOL 6400 at the Electron Microscopy Unit, ANU. All elemental oxide data are wt% 
"' Detection limits: SiOz <0.09 Al 20 3 <0.09 FeO <0.09 CaO <0.06 Na20 <0. 12 K P <0.04 ~
-bdl =below detection limit g 
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N tj AII.3Chromian spinel WDS elemental oxide compositions 
Sample AN232- AN232- AN232- AN232- AN232- AN232- AN232- AN232- AN247- AN247- AN247- AN247- AN247- AN247- AN247- AN247- AN247- AN248-0 I 02 04 05 06 07 08 09 0 I 02 03 05 06 07 08 09 I 0 0 I 
Si02 
Ti02 
Al 20 3 
V203 
Cr203 
Fe20 3 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
<0.01 0.08 
0.28 0.29 
12.68 20.22 
0.14 0.18 
51.71 46.47 
4.34 3.65 
25.79 16.82 
29.69 20.10 
0.28 0.21 
0.06 0.15 
0.11 0.06 
5.42 12.02 
100.81 100.13 
Cations, 0 = 4 
Si 
Ti 
AI 
Cr 
v 
Fe3+ 
Fe2+ 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
0.007 
0.501 
1.371 
0.004 
0.110 
0.723 
0.008 
0.271 
0.002 
0.003 
3.000 
0.003 
0.007 
0.744 
1.147 
0.005 
0.086 
0.439 
0.006 
0.560 
0.004 
0.002 
3.000 
Mg# 27.3 56.0 
44.0 
60.7 
0.163 
Fe2# 72.8 
Cr# 73.2 
Fe3+fLFe 0.131 
Notes: 
0.09 
0.35 
20.48 
0.16 
46.46 
3.43 
15.26 
18.35 
0.19 
0.14 
0.04 
13.03 
99.63 
0.003 
0.008 
0.751 
1.143 
0.004 
0.080 
0.397 
0.005 
0.604 
0.004 
0.001 
3.000 
60.3 
39.7 
60.3 
0.168 
0.06 
0.36 
28.68 
0.22 
35.82 
4.54 
16.30 
20.38 
0.17 
0.11 
O.D7 
13.15 
99.48 
0.002 
0.008 
1.019 
0.853 
0.005 
0.103 
0.411 
0.004 
0.591 
0.003 
0.002 
3.000 
59.0 
41.0 
45.6 
0.201 
0.07 
0.34 
19.92 
0.13 
46.90 
3.33 
16.72 
19.71 
0.18 
0.14 
0.06 
12.04 
99.84 
0.002 
0.008 
0.736 
1.162 
0.003 
0.079 
0.438 
0.005 
0.563 
0.003 
0.001 
3.000 
56.2 
43.8 
61.2 
0.152 
0.09 
0.32 
28.74 
0.22 
36.17 
4.55 
15.17 
19.27 
0.18 
0.12 
O.D7 
13.89 
99.52 
0.003 
0.007 
1.015 
0.857 
0.005 
0.103 
0.380 
0.005 
0.621 
0.003 
0.002 
3.000 
62.0 
38.0 
45.8 
0.213 
0.04 
0.32 
27.36 
0.21 
35.71 
4.63 
22.08 
26.25 
0.22 
0.07 
0.11 
9.28 
100.03 
0.001 
0.008 
0.997 
0.873 
0.005 
0.108 
0.571 
0.006 
0.428 
0.002 
0.003 
3.000 
42.8 
57.2 
46.7 
0.159 
0.05 
0.33 
28.31 
0.24 
36.51 
4.68 
16.07 
20.28 
0.20 
0.11 
0.08 
13.29 
99.88 
0.002 
0.008 
1.003 
0.868 
0.006 
0.106 
0.404 
0.005 
0.596 
0.003 
0.002 
3.000 
59.6 
40.4 
46.4 
0.208 
0.07 
0.32 
28.24 
0.23 
35.86 
3.61 
20.44 
23 .69 
0.20 
0.09 
0.11 
10.38 
99.54 
0.002 
0.007 
1.022 
0.870 
0.006 
0.083 
0.525 
0.005 
0.475 
0.002 
0.003 
3.000 
47.5 
52.5 
46.0 
0.137 
<0.01 
0.34 
23.44 
0.18 
34.44 
10.77 
23.01 
32.70 
0.27 
O.D7 
0.16 
8.33 
101.01 
0.008 
0.869 
0.856 
0.005 
0.255 
0.605 
0.007 
0.390 
0.002 
0.004 
3.000 
39.2 
60.8 
49.6 
0.296 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy - WDS). All elemental oxide data are wt% 
Mgll =molar[ I OO*(Mg/Mg+Fe 2+)); Fe2/l = I 00- Mg#; Cr# =molar[ I OO*(Cr/Cr+Al)] 
0.04 <0.0 1 
0.33 0.34 
28.74 26.93 
0.23 0.21 
35.98 35.77 
5.03 5.96 
16.54 20.93 
21.07 26.29 
0.16 0.22 
0.11 O.D7 
0.08 0.10 
13.15 10.08 
100.38 100.61 
0.001 
0.007 
1.013 
0.851 
0.006 
0.113 
0.414 
0.004 
0.586 
0.003 
0.002 
3.000 
58.6 
41.4 
45.6 
0.215 
0.008 
0.974 
0.868 
0.005 
0.138 
0.537 
0.006 
0.461 
0.002 
0.002 
3.000 
46.2 
53.8 
47.1 
0.204 
Detection Limits: SiOz <0.0 1 Ti0 2 <0.05 Al 20 3 <0.01 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.01 MgO <0.01 
0.05 0.08 
0.43 0.33 
17.11 28.20 
0.31 0.22 
48.52 36.08 
2.94 4.75 
22.52 17.50 
25.16 21.78 
0.28 0.20 
0.03 0.08 
0.08 0.09 
8.10 12.39 
100.38 99.94 
0.002 
0.011 
0.653 
1.243 
0.008 
0.072 
0.610 
0.008 
0.391 
0.001 
0.002 
3.000 
39.1 
60.9 
65.5 
0.105 
0.002 
0.008 
1.005 
0.862 
0.005 
0.108 
0.443 
0.005 
0.558 
0.002 
0.002 
3.000 
55.8 
44.2 
46.2 
0.196 
O.D7 
0.35 
28.27 
0.22 
35.77 
4.63 
17.87 
22.04 
0.20 
0.12 
0.07 
12.10 
99.67 
0.002 
0.008 
1.0 II 
0.858 
0.005 
0.106 
0.453 
0.005 
0.547 
0.003 
0.002 
3.000 
54.7 
45.3 
45.9 
0.189 
0.06 <0.01 
0.52 0.35 
18.79 28.61 
0.41 0.21 
47.70 36.34 
2.28 4.62 
20.21 15.14 
22.26 19.29 
0.25 0.16 
0.03 0.10 
0.13 0.07 
9.81 13.85 
100.18 99.45 
0.002 
0.013 
0.705 
1.201 
0.011 
0.055 
0.538 
0.007 
0.466 
0.001 
0.003 
3.000 
46.4 
53.6 
63.0 
0.092 
0.008 
1.012 
0.863 
0.005 
0.104 
0.380 
0.004 
0.620 
0.002 
0.002 
3.000 
62.0 
38.0 
46.0 
0.215 
0.05 
0.34 
28.20 
0.23 
34.49 
5.65 
19.83 
24.91 
0.21 
0.05 
0.08 
10.88 
100.02 
0.002 
0.008 
1.014 
0.832 
0.006 
0.130 
0.506 
0.005 
0.495 
0.001 
0.002 
3.000 
49.5 
50.5 
45.1 
0.204 
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All.3Chromian spinel WDS elemental oxide compositions 
Sample AN248- AN248- AN248- AN248- AN248- AN248- AN248- AN248- AN613- AN613- AN613- AN613- AN613- AN613- AN613- AN613- AN613- AN614-02 03 05 06 07 08 09 I 0 02 03 04 05 06 07 08 09 I 0 0 I 
Si02 
Ti02 
Al 203 
V203 
Cr203 
Fe203 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
<0.01 
0.34 
28.49 
0.23 
35.69 
4.55 
18.30 
22.39 
0.18 
0.07 
0.09 
11.83 
99.77 
Cations, 0 = 4 
Si 
Ti 
AI 
Cr 
v 
Fe3• 
Fe2• 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
0.008 
1.019 
0.856 
0.006 
0.104 
0.464 
0.005 
0.535 
0.002 
0.002 
3.000 
Mg# 53.5 
Fe2# 46.5 
Cr# 45.7 
Fe3• /Lfe 0.183 
Notes: 
0.05 <0.01 
0.33 0.39 
28.04 26.48 
0.22 0.23 
35.84 35.85 
4.27 6.22 
19.19 18.64 
23.03 24.24 
0.21 0.19 
0.09 0.09 
0.12 0.09 
11.13 11.34 
99.49 99.53 
0.002 
0.008 
1.011 
0.867 
0.005 
0.098 
0.491 
0.006 
0.508 
0.002 
0.003 
3.000 
0.009 
0.960 
0.872 
0.006 
0.144 
0.480 
0.005 
0.520 
0.002 
0.002 
3.000 
50.8 52.0 
49.2 48.0 
46.2 47.6 
0.167 0.231 
<0.01 
0.32 
28.24 
0.21 
35.45 
4.47 
18.78 
22.80 
0.20 
0.08 
0.09 
11.34 
99.18 
0.007 
1.019 
0.858 
0.005 
0.103 
0.481 
0.005 
0.518 
0.002 
0.002 
3.000 
0.04 
0.32 
26.91 
0.23 
35.23 
4.97 
22.97 
27.44 
0.22 
O.Q7 
0.13 
8.56 
99.65 
0.001 
0.008 
0.990 
0.870 
0.006 
0.117 
0.600 
0.006 
0.399 
0.002 
0.003 
3 .000 
51.8 39.9 
48.2 60. 1 
45.7 46.8 
0.176 0.163 
0.04 0.05 0.05 
0.33 0.33 0.32 
29.54 28.56 31.38 
0.22 0.23 0.23 
35.36 35.25 34.18 
4.69 4.99 4.58 
15.26 19.38 12.60 
19.48 23.87 16.72 
Ql8 Q22 Ql2 
0.11 0.08 0.10 
0.05 0.11 0.06 
13.94 11.26 15.86 
99.72 100.47 99.47 
0.001 
0.007 
1.038 
0.834 
0.005 
0.105 
0.381 
0.005 
0.620 
0.003 
0.001 
3.000 
0.002 
0.008 
1.019 
0.844 
0.006 
0.114 
0.491 
0.006 
0.508 
0.002 
0.003 
3.000 
0.002 . 
0.007 
1.084 
0.792 
0.005 
0.101 
0.309 
0.003 
0.693 
0.002 
0.001 
3.000 
62.0 50.9 69.2 
38.0 49.1 30.8 
44.5 45.3 42.2 
0.217 0.188 0.247 
<0.01 0.09 
0.29 0.28 
27.18 30.26 
0.19 0.22 
35.56 31.64 
4.60 4.68 
23.72 22.70 
27.86 26.91 
0.23 0.24 
O.Q7 0.08 
0.12 0.13 
8.15 9.02 
100.10 99.32 
0.007 
0.998 
0.876 
0.005 
0.108 
0.618 
0.006 
0.379 
0.002 
0.003 
3.000 
0.003 
0.007 
1.098 
0.770 
0.005 
0.108 
0.584 
0.006 
0.414 
0.002 
0.003 
3.000 
<0.01 
0.37 
18.82 
0.31 
47.16 
2.19 
22.38 
24.35 
0.23 
0.06 
0.09 
8.19 
99.80 
0.009 
0.717 
1.204 
0.008 
0.053 
0.605 
0.006 
0.394 
0.002 
0.002 
3.000 
38.0 
62.0 
46.7 
0.149 
41.5 39.5 
58.5 60.5 
41.2 62.7 
0.156 0.081 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy- WDS). All elemental oxide data are wt% 
Mg# = molar[IOO*(Mg/Mg+Fe 2•)]; Fe2# = 100- Mg#; Cr# = molar[100*(Cr/Cr+Al)] 
0.13 
0.42 
17.42 
0.37 
48.95 
2.71 
19.30 
21.74 
0.22 
0.03 
0.08 
10.23 
99.88 
0.004 
0.010 
0.657 
1.239 
0.010 
0.065 
0.517 
0.006 
0.488 
0.001 
0.002 
3.000 
48.6 
51.4 
65.3 
0.112 
0.07 
0.41 
18.69 
0.31 
47.63 
1.48 
22.96 
24.29 
0.25 
O.Q2 
0.09 
7.89 
99.82 
0.002 
0.010 
0.713 
1.219 
0.008 
0.036 
0.621 
0.007 
0.381 
0.001 
0.002 
2.999 
38.0 
62.0 
63.1 
0.055 
Detection Limits: Si~ <0.01 Ti0 2 <0.05 Al 20 3 <0.01 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.01 MgO <0.01 
<0.01 
0.30 
28.16 
0.21 
35.28 
4.43 
20.99 
24.98 
0.23 
0.10 
0.10 
9.95 
99.76 
0.007 
1.021 
0.858 
0.005 
0.103 
0.540 
0.006 
0.456 
0.003 
0.002 
3.000 
45.8 
54.2 
45.7 
0. 160 
<0.01 <0.01 
0.32 0.31 
23.66 28.17 
0.17 0.22 
35.52 36.09 
9.70 4.58 
21.27 18.53 
30.00 22.65 
0.24 0.19 
0.09 0.14 
0.13 0.09 
9.41 11.61 
100.51 99.93 
0.008 
0.873 
0.879 
0.004 
0.229 
0.557 
0.006 
0.439 
0.002 
0.003 
3.000 
44.1 
55.9 
50.2 
0.291 
0.007 
1.009 
0.867 
0.005 
0.105 
0.471 
0.005 
0.526 
0.003 
0.002 
3.000 
52.8 
47.2 
46.2 
0.182 
<0.01 
0.31 
28.85 
0.22 
35.25 
4.51 
19.04 
23.10 
0.21 
0.12 
0.10 
11.35 
99.96 
0.007 
1.032 
0.846 
0.005 
0.103 
0.483 
0.005 
0.514 
0.003 
0.002 
3.000 
51.5 
48.5 
45.0 
0.176 
0.05 
0.29 
27.37 
0.19 
35.67 
4.36 
21.59 
25.52 
0.25 
0.11 
0.12 
9.41 
99.44 
0.002 
0.007 
1.001 
0.875 
0.005 
0.102 
0.561 
0.007 
0.436 
0.003 
0.003 
3.000 
43.7 
56.3 
46.6 
0.154 
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N i AII.3Chromian spinel WDS elemental oxide compositions 
Sample AN614- AN614- AN614- AN614- AN614- AN614- AN614- AN615- AN615- AN615- AN615- AN615- AN615- AN615- AN615- AN615- AN615- AN615- AN615-
Si02 
Ti02 
AI 20 3 
Y203 
Cr20 3 
Fe20 J 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
Cations, 0 = 4 
02 03 04 07 08 09 10 01 02 03 04 05 06 07 08 09 10 12 14 
0,07 0.06 0,07 <0.01 0.08 0.05 0.05 0.06 0.13 0.09 0,07 0,07 0.58 0,07 <0.01 <0.01 0.06 0.24 0.04 
0.31 0.28 0.30 0.30 0.38 0.30 0.34 0.32 0.40 0.3 1 0.30 0.31 0.26 0.32 0.35 0.41 0.29 0.38 0.36 
29.11 26.10 28.26 26.28 19.86 29.15 19.73 29.67 19.21 29.28 27.50 27.94 27.04 28.42 26.65 24.33 29.30 19.06 19.41 
0.23 0.18 0.19 0.20 0.29 0.21 0.25 0.21 0.33 0.22 0.21 0.22 0.22 0.22 0.19 0.22 0.21 0.30 0.30 
35.32 35.10 34.97 35.65 46.41 36.14 46.67 35.66 48.08 36.16 35.58 35.13 34.10 34.94 33.92 35.59 35.36 46.33 46.84 
4.29 5.59 4.28 5.12 1.54 4.25 1.93 3.93 1.80 3.96 4.80 4.49 4.75 4.91 6.70 8.67 4.48 1.68 1.89 
17.54 25.11 21.23 22.49 20.02 16.84 21.34 16.14 18.19 15.89 20.85 21.81 23.82 19.50 24.10 20.74 16.47 22.78 20.87 
21.40 30.14 25.08 27.10 21.40 20.67 23.08 19.68 19.81 19.45 25.17 25.85 28.09 23.92 30.12 28.54 20.50 24.29 22.57 
0.18 0.24 0.20 0.22 0.20 0.18 0.21 0.17 0.19 0.17 0.20 0.22 0.22 0.20 0.23 0.23 0.20 0.27 0.24 
0.12 0.06 0,07 0.06 0,07 0.11 0.05 0.09 0.10 0.13 0.06 0.09 0.08 0.08 0.07 0.09 0.11 0.05 0.11 
0,07 0.15 0.12 0.11 0.08 0,07 0.11 0,07 0.04 0.08 0.12 0.12 0.13 0.12 0.16 0.09 0.08 0.11 0.10 
12.38 7.12 9.85 8.66 9.69 12.96 8.97 13.40 11.07 13.54 10.07 9.49 8.42 11.06 7.86 9.86 13.07 7.99 9.12 
99.64 99.98 99.55 99.09 98.62 100.26 99.64 99.72 99.55 99.82 99.75 99.90 99.64 99.84 100.22 100.23 99.63 99.23 99.27 
Si 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.004 0.003 0.002 0.002 0.018 0.002 0.002 0.008 0.001 
Ti 0.007 0.007 0.007 0.007 0.009 0.007 0.008 0.007 0.010 0.007 0.007 0.007 0.006 0.007 0.008 0.010 0.007 0.009 0.009 
AI 1.036 0.970 1.026 0.974 0.752 1.028 0.745 1.046 0.717 1.032 0.999 1.015 0.994 1.021 0.982 0.894 1.037 0.729 0.736 
Cr 
v 
Fe3+ 
Fe2+ 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
Mg# 
Fe211 
Cr# 
Fe3+!IFe 
Notes: 
0.843 
0.006 
0.098 
0.443 
0.005 
0.557 
0.003 
0.002 
3.000 
55.7 
44.3 
44.9 
0.181 
0.875 0.852 
0.005 0.005 
0.133 0.099 
0.662 0.547 
0.006 0.005 
0.335 0.452 
0.002 0.002 
0.004 0.003 
3.000 3.000 
0.886 
0.005 
0.121 
0.591 
0.006 
0.406 
0.002 
0.003 
3.000 
1.180 
0.008 
0.037 
0.538 
0.006 
0.464 
0.002 
0.002 
3.000 
0.855 
0.005 
0.096 
0.421 
0.005 
0.578 
0.003 
0.002 
3.000 
1.182 
0.006 
0.047 
0.572 
0.006 
0.429 
0.001 
0.003 
3.000 
0.843 1.204 
0.005 0.008 
0.089 0.043 
0.404 0.482 
0.004 0.005 
0.597 0.523 
0.002 0.003 
0.002 0.001 
3.000 3.000 
0.855 
0.005 
0.089 
0.397 
0.004 
0.603 
0.003 
0.002 
3.000 
33.6 45.3 40.7 46.3 57.8 42.8 59.7 52.0 60.3 
66.4 54.7 59.3 53.7 42.2 57.2 40.3 48.0 39.7 
47.4 45.4 47.6 61.1 45.4 61.3 44.6 62.7 45.3 
0.167 0.153 0.170 0.065 0.185 0,075 0.180 0.082 0.183 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy - WDS). All elemental oxide data are wt% 
Mgll =molar[ I OO*(Mg/Mg+Fe 2+)]; Fe2# = 100- Mg#; Cr# =molar[ I OO*(Cr/Cr+AI)] 
0.867 
0.005 
0.111 
0.537 
0.005 
0.463 
0.002 
0.003 
3.000 
0.856 
0.006 
0.104 
0.562 
0.006 
0.436 
0.002 
0.003 
3.000 
0.841 
0.006 
0.111 
0.621 
0.006 
0.392 
0.002 
0.003 
2.999 
46.3 43.7 38.7 
53.7 56.3 61.3 
46.5 45.8 45.8 
0.172 0.156 0.152 
Detection Limits: Si~ <0.01 Ti0 2 <0.05 Al 20 3 <0.01 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.01 MgO <0.01 
0.842 
0.005 
0.113 
0.497 
0.005 
0.503 
0.002 
0.003 
3.000 
50.3 
49.7 
45.2 
0.1 85 
0.839 0.878 
0.005 0.006 
0.158 0.204 
0.630 0.541 
0.006 0.006 
0.367 0.458 
0.002 0.002 
0.004 0.002 
3.000 3.000 
36.8 45.9 
63.2 54.1 
46.1 49.5 
0.200 0.273 
0.840 1.188 
0.005 0.008 
0.101 0.041 
0.414 0.618 
0.005 0.007 
0.585 0.386 
0.003 0.001 
0.002 0.003 
3.000 2.998 
1.191 
0.008 
0.046 
0.561 
0.007 
0.437 
0.003 
0.002 
3.000 
58.6 38.5 43.8 
41.4 61.5 56.2 
44.7 62.0 61.8 
0.197 0.062 0.076 
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All.3Chromian spinel WDS elemental oxide compositions 
Sample AN615- AN619- AN619- AN619- AN619- AN619- AN619- AN723- AN723- AN723- AN723- AN723- AN723- AN723- AN723- AN723- AN723- AN724- AN724-
15 OJ 02 03 04 05 13 OJ 02 03 04 05 06 07 08 09 10 01 02 
Si02 
Ti02 
AI 20 3 
Y20 3 
Cr20 3 
Fe203 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
0.08 
0.31 
29.49 
0.20 
36.58 
4.39 
13.02 
16.97 
0.14 
0.13 
0.08 
15.44 
99.86 
Cations, 0 = 4 
Si 
Ti 
AI 
Cr 
v 
Fe3• 
Fe2• 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
0.002 
0.007 
1.026 
0.854 
0.005 
0.097 
0.322 
0.004 
0.679 
0.003 
0.002 
3.000 
<0.01 
0.31 
28.84 
0.23 
36.26 
4.62 
15.28 
19.44 
0.19 
0.10 
0.04 
13.79 
99.69 
0.007 
1.018 
0.859 
0.006 
0.104 
0.383 
0.005 
0.616 
0.002 
0.001 
3.000 
<0.01 
0.69 
22.48 
0.47 
43.05 
2.89 
17.85 
20.45 
0.19 
0.00 
0.09 
I 1.69 
99.41 
0.016 
0.826 
1.062 
0.012 
0.068 
0.466 
0.005 
0.544 
0.000 
0.002 
3.000 
<0.0 1 
0.31 
28.76 
0.19 
35.93 
4.19 
17.96 
21.73 
0.19 
0.12 
0.09 
12.03 
99.77 
0.007 
1.026 
0.860 
0.005 
0.096 
0.455 
0.005 
0.543 
0.003 
0.002 
3.000 
0.05 
0.31 
26.08 
0.21 
35.20 
5.32 
24.60 
29.38 
0.23 
0.08 
0.14 
7.38 
99.60 
0.002 
0.007 
0.971 
0.879 
0.005 
0.126 
0.650 
0.006 
0.348 
0.002 
0.003 
3.000 
<0.01 
0.40 
15.72 
0.48 
50.47 
2.16 
21.60 
23.54 
0.23 
0.09 
0.09 
8.33 
99.58 
0.010 
0.607 
1.308 
0.013 
0.053 
0.592 
0.006 
0.407 
0.002 
0.002 
3.000 
0.09 
0.30 
29.98 
0.22 
34.77 
4.08 
17.38 
21.05 
0.18 
0.13 
0.08 
12.62 
99.83 
0.003 
0.007 
1.060 
0.824 
0.005 
0.092 
0.436 
0.005 
0.564 
0.003 
0.002 
3.000 
0.04 
0.33 
26.94 
0.22 
34.88 
6.05 
23.36 
28.80 
0.23 
0.06 
0. 11 
8.55 
100.75 
0.001 
0.008 
0.983 
0.853 
0.006 
0.141 
0.605 
0.006 
0.394 
0.002 
0.003 
3.000 
<0.01 
0.3 1 
28.45 
0.21 
35.14 
5.01 
18.63 
23.13 
0.21 
O.o? 
0.10 
I !.54 
99.67 
0.007 
1.021 
0.846 
0.005 
0.115 
0.474 
0.005 
0.524 
0.002 
0.002 
3.000 
<0.01 
0.28 
25.50 
0.21 
34.74 
7.57 
23.81 
30.62 
0.23 
0.06 
0.17 
7.94 
100.51 
0.007 
0.942 
0.861 
0.005 
0.179 
0.624 
0.006 
0.371 
0.00,1 
0.004 
3.000 
0.04 
0.35 
28.60 
0.22 
36.01 
4.66 
16.25 
20.44 
0.20 
0.10 
0.06 
13.18 
99.67 
0.001 
0.008 
1.014 
0.857 
0.005 
0.106 
0.409 
0.005 
0.591 
0.002 
0.002 
3.000 
<0.01 
0.33 
26.55 
0.21 
34.56 
5.95 
24.22 
29.57 
0.23 
0,07 
0.18 
7.71 
100.00 
0.008 
0.982 
0.857 
0.005 
0.140 
0.635 
0.006 
0.361 
0.002 
0.004 
3.000 
0.04 
0.33 
30.88 
0.23 
34.22 
4.61 
14.74 
18.89 
0.17 
0.12 
0.04 
14.44 
99.82 
0.001 
0.007 
1.076 
0.800 
0.006 
0.103 
0.364 
0.004 
0.636 
0.003 
0.001 
3.000 
<0.01 
0.27 
26.78 
0.20 
32.90 
8.01 
23.39 
30.59 
0.25 
0.07 
0.17 
8.27 
100.31 
0.006 
0.984 
0.811 
0.005 
0.188 
0.610 
0.007 
0.384 
0.002 
0.004 
3.000 
0.04 
0.31 
28.38 
0.24 
34.24 
4.45 
23.32 
27.33 
0.2 1 
0,07 
0.08 
8.57 
99.92 
0.001 
0.007 
1.035 
0.838 
0.006 
0.104 
0.604 
0.006 
0.396 
0.002 
0.002 
3.000 
<0.01 
2.52 
17.35 
0.45 
33.31 
13.75 
27.54 
39.92 
0.28 
0,07 
0.13 
6. 11 
I 0 !.52 
0.062 
0.667 
0.860 
0.012 
0.338 
0.752 
0.008 
0.297 
0.002 
0.003 
3.000 
Mg# 67.9 61.7 53.9 54.4 34.8 40.7 56.4 39.5 52.5 37.3 59.1 36.2 63 .6 38.7 39.6 28.3 
Fe2# 32.1 38.3 46.1 45.6 65.2 59.3 43.6 60.5 47.5 62.7 40.9 63.8 36.4 61.3 60.4 71.7 
Cr# 45.4 45.8 56.2 45.6 47.5 68.3 43.8 46.5 45.3 47.8 45.8 46.6 42.6 45.2 44.7 56.3 
Fe3• fLFe 0.232 0.214 0.127 0.174 0.163 0.082 0.174 0.189 0.195 0.223 0.205 0.181 0.220 0.235 0.1 47 0.310 
Notes: 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy - WDS). All elemental oxide data are wt% 
Mg# = molar[IOO*(Mg/Mg+Fe 2• )]; Fe211 = 100- Mg#; Cr# = molar[IOO*(Cr/Cr+AI)] 
Detection Limits: Si~ <0.0 1 Ti0 2 <0.05 Al 20 3 <0.01 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.01 MgO <0.01 
<0.01 
0.32 
28.29 
0.22 
36.22 
4.36 
18.09 
22.01 
0.20 
0.12 
0.06 
I 1.91 
99.80 
0.007 
1.012 
0.869 
0.005 
0.100 
0.459 
0.005 
0.539 
0.003 
0.001 
3.000 
0.08 
0.34 
29.63 
0.24 
35.64 
4.56 
14.68 
18.79 
0.18 
0.12 
0,07 
14.39 
99.92 
0.002 
0.008 
1.036 
0.836 
0.006 
0.102 
0.364 
0.005 
0.637 
0.003 
0.002 
3.000 
0.96 
0.16 
29.49 
0.18 
37.13 
<0.01 
16.94 
16.94 
0.15 
0.12 
0.10 
12.81 
98.07 
0.029 
0.004 
1.052 
0.889 
0.004 
0.000 
0.429 
0.004 
0.578 
0.003 
0.002 
2.994 
54.0 63 .6 57.4 
46.0 36.4 42.6 
46.2 44.7 45.8 
0.178 0.218 0.000 
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0\ AII.3Chromian spinel WDS elemental oxide compositions 
Sample AN724- AN724- AN724- AN724- AN724- AN724- AN724- AN724- AN724- AN724- AN755- AN755- AN755- AN755- AN755- AN755- AN755- AN755-04 05 06 07 08 09 10 IIC !!RIM 12 OIA OIB 02 02RIM 04 05 06 08 
Si02 
Ti02 
AI 203 
V203 
Cr203 
Fe203 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
0.04 
0.35 
28.08 
0.20 
36.36 
4.62 
16.51 
20.66 
0.19 
0.10 
0,07 
12.9 1 
99.41 
<0.01 <0.01 
0.46 0.32 
26.26 28.54 
0.25 0.23 
35.12 36.10 
6.22 4.71 
23.00 15.72 
28.59 19.96 
0.20 0.18 
0.05 0.10 
0.14 0.06 
8.68 13.42 
I 00.39 99.39 
Cations, 0 = 4 
Si 
Ti 
AI 
Cr 
v 
Fe3• 
Fe2• 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
0.001 
0.008 0.011 
1.002 0.963 
0.870 0.864 
0.005 0.006 
0. 105 0.146 
0.418 0.598 
0.005 0.005 
0.583 0.403 
0.003 0.001 
0.002 0.003 
3.000 3.000 
0.007 
1.013 
0.860 
0.006 
0.107 
0.396 
0.005 
0.603 
0.003 
0.001 
3.000 
Mg# 58.2 40.2 60.4 
Fe2# 41.8 59.8 39.6 
Cr# 46.5 47.3 45.9 
Fe3•/I;Fe 0.201 0.196 0.212 
Notes: 
0.09 
0.31 
28.05 
0.22 
34.22 
5.41 
21.69 
26.56 
0.23 
0.08 
0.12 
9.62 
100.03 
0.003 
0.007 
1.017 
0.832 
0.005 
0.125 
0.558 
0.006 
0.441 
0.002 
0.003 
3.000 
44.2 
55.8 
45.0 
0.183 
0.05 
0.32 
26.62 
0.22 
35.05 
5.23 
23.89 
28.59 
0.24 
0.08 
0.14 
7.94 
99.77 
0.002 
0.008 
0.984 
0.869 
0.006 
0.123 
0.626 
0.006 
0.37 1 
0.002 
0.003 
3.000 
0.04 0.04 0.04 
0.33 0.41 0.35 
27.25 25.96 28.80 
0.23 0.26 0.23 
35.56 35.52 36.26 
4.78 6.22 5.04 
22.85 23 .12 13.48 
27.15 28.72 18.02 
0.25 0.22 0.18 
0,07 0.08 0. 11 
0.13 0.11 0.04 
8.80 8.59 15.00 
100.29 100.54 99.53 
0.001 
0.008 
0.994 
0.871 
0.006 
0.112 
0.592 
0.007 
0.406 
0.002 
0.003 
3.000 
0.001 
0.010 
0.952 
0.874 
0.007 
0.146 
0.602 
0.006 
0.399 
0.002 
0.002 
3.000 
0.001 
0.008 
1.010 
0.853 
0.006 
0.113 
0.336 
0.005 
0.666 
0.003 
0.001 
3.000 
37.2 40.7 39.8 66.5 
62.8 59.3 60.2 33.5 
46.9 46.7 47.9 45.8 
0.165 0.159 0.195 0.252 
<0.01 
0.33 
30.03 
0.23 
35.51 
4.68 
15.17 
19.38 
0.17 
0.10 
0.05 
14.18 
100.45 
0.007 
1.046 
0.830 
0.006 
0.104 
0.375 
0.004 
0.625 
0.003 
0.001 
3.000 
62.5 
37.5 
44.2 
0.217 
0.07 
0.35 
28.50 
0.24 
35.44 
4.34 
18.80 
22.70 
0.20 
0.10 
0.10 
11.51 
99.64 
0.002 
0.008 
1.022 
0.853 
0.006 
0.099 
0.478 
0.005 
0.522 
0.002 
0.002 
3.000 
52.2 
47.8 
45.5 
0.172 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy- WDS). All elemental oxide data are wt% 
Mg# = molar(IOO*(Mg/Mg+Fe 2•)]; Fe2# = 100- Mg#; Cr# =molar[ I OO*(Cr/Cr+AI)] 
<0.01 
0.30 
27.03 
0.21 
35.24 
4.21 
23.90 
27.69 
0.21 
0.06 
0.13 
7.83 
99.12 
0.007 
1.003 
0.877 
0.005 
0.100 
0.629 
0.006 
0.368 
0.002 
0.003 
3.000 
36.9 
63.1 
46.7 
0.137 
0,07 0.05 
0.31 0.33 
26.97 28.15 
0.20 0.21 
35.27 34.03 
5.00 7.60 
23.94 15.33 
28.44 22.17 
0.22 0.28 
0,07 0.08 
0.15 0.10 
8.07 13.67 
100.30 99.83 
0.002 0.002 
0.007 0.008 
0.990 0.997 
0.869 0.808 
0.005 0.005 
0.117 0.172 
0.624 0.385 
0.006 0.007 
0.375 0.612 
0.002 0.002 
0.004 0.002 
3.000 3.000 
37.5 
62.5 
46.7 
0.158 
61.4 
38.6 
44.8 
0.309 
Detection Limits: SiO, <0.01 TI0 2 <0.05 Al 20 3 <0.0 1 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.0 1 MgO <0.0 1 
<0.0 1 <0.0 1 
0.73 0.33 
22.15 28.58 
0.36 0.22 
36.92 35.58 
11.39 4.59 
16.79 18.65 
27.04 22.78 
0.35 0.24 
0.08 0.1 0 
0,07 0.08 
12.56 11.59 
101.40 99.96 
0.39 
0.27 
25.23 
0.21 
34.62 
6.68 
23.92 
29.93 
0.22 
0,07 
0. 13 
8.02 
99.80 
0.012 
0.017 
0.800 
0.895 
0.009 
0.263 
0.430 
0.009 
0.574 
0.002 
0.002 
0.008 0.006 
3.000 
57.1 
42.9 
52.8 
0.379 
1.022 0.937 
0.853 0.862 
0.005 0.005 
0.105 0.158 
0.473 0.630 
0.006 0.006 
0.524 0.377 
0.002 0.002 
0.002 0.003 
3.000 2.999 
52.6 
47.4 
45.5 
0.181 
37.4 
62.6 
47.9 
0.201 
0.04 
0.33 
27.97 
0.24 
35.96 
4.74 
18.01 
22.28 
0.25 
0,07 
0.09 
11.91 
99.62 
0.001 
0.008 
1.003 
0.865 
0.006 
0.109 
0.458 
0.007 
0.540 
0.002 
0.002 
3.000 
54.1 
45.9 
46.3 
0.192 
<0.0 1 
0.50 
18.97 
0.43 
43.54 
2.75 
30.09 
32.56 
0.29 
O.Q3 
0.18 
3.20 
99.99 
0.013 
0.746 
1.149 
0.0 12 
0.069 
0.840 
0.008 
0.159 
0.001 
0.005 
3.000 
15.9 
84.1 
60.6 
0.076 
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AII.3Chromian spinel WDS elemental oxide compositions 
Sample 
Si02 
Ti0 2 
Al2 03 
V203 
Cr203 
Fe203 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
AN755- AN755- AN755- ANT-719- ANT-719- ANT-719- ANT-719- ANT-719- ANT-719- ANT-719- ANT-719- ANT-719- ANT-719- ANT-720- ANT-720- ANT-720- ANT-720- ANT-720-
09 I 0 03 01 02 03 04 05 06 07 08 09 1 0 0 I 02 03 04 05 
0.04 0.04 0.06 0.04 <0.01 0.04 <0.01 0.04 O.o3 O.o? O.o? 0.06 0.06 0.06 O.o? <0.01 0.08 0.75 
0.32 0.32 0.34 0.32 0.33 0.32 0.33 0.33 0.29 0.32 0.30 0.29 0.33 0.31 0.33 0.35 0.33 0.28 
29.26 29.65 28.84 27.94 28.62 26.55 27.68 27.96 28.53 28.16 30.33 27.11 24.81 27.22 27.71 26.94 28.89 24.47 
0.23 0.21 0.21 0.20 0.20 0.19 0.22 0.20 0.17 0.20 0.19 0.20 0.18 0.20 0.20 0.20 0.21 0.18 
34.78 34.20 34.57 36.44 36.51 36.92 36.98 37.09 34.90 37.55 35.71 36.04 36.61 36.71 36.83 37.52 36.50 36.96 
4.80 4.92 4.41 3.57 3.67 3.81 3.53 3.48 3.88 4.15 3.67 3.83 5.43 2.99 3.35 3.54 3.54 4.68 
18.13 18.24 20.72 20.43 17.80 22.78 20.77 19.49 22.45 14.75 14.21 23 .09 25.39 21.67 20.79 20.89 17.88 22.91 
22.45 22.66 24.69 23.64 21.10 26.20 23.95 22.62 25.94 18.48 17.51 26.54 30.28 24.36 23.80 24.08 21.07 27.12 
0.20 0.22 0.21 0.20 0.18 0.22 0.25 0.19 0.20 0.15 0.15 0.22 0.19 0.19 0.18 0.21 0.18 0.23 
0.10 0.11 0.10 O.o? 0.04 0.02 0.06 0.06 O.o? 0.10 0.12 O.o? 0.06 0.09 0.09 0.08 0. 10 0.06 
O.o? 0.06 0.11 0.10 0.06 0.13 O.o? 0.06 0.11 0.05 0.06 0.15 0.17 0.10 0. 12 0.10 O.o? 0.15 
12.07 12.01 10.31 10.38 12.17 8.70 10.17 11.10 9.09 14.17 14.68 8.48 6.88 9.33 10.17 9.97 12.27 8.87 
I 00.00 99.99 99.87 99.69 99.58 99.68 100.06 I 00.00 99.73 99.67 99.49 99.54 I 00.11 98.88 99.85 99.79 100.05 99.59 
Cations, 0 = 4 
Si 
Ti 
AI 
Cr 
v 
Fe3+ 
Fe2• 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
0.001 
0.007 
1.040 
0.829 
0.006 
0.109 
0.457 
0.005 
0.543 
0.002 
0.002 
3.000 
0.001 
0.007 
1.052 
0.8 14 
0.005 
0.112 
0.459 
0.006 
0.539 
0.003 
0.001 
3.000 
0.002 
0.008 
1.039 
0.835 
0.005 
0.101 
0.530 
0.005 
0.470 
0.002 
0.002 
3.000 
Mg# 54.3 54.0 47.0 
Fe2# 45.7 46.0 53.0 
Cr# 44.4 43.6 44.6 
Fe3•/l:fe 0.193 0.195 0.161 
Notes: 
0.001 
0.007 
1.011 
0.885 
0.005 
0.083 
0.524 
0.005 
0.475 
0.002 
0.002 
3.000 
47.5 
52.5 
46.7 
0.136 
0.008 
1.022 
0.875 
0.005 
0.084 
0.451 
0.005 
0.550 
0.001 
0.001 
3.000 
54.9 
45.1 
46.1 
0.156 
0.001 
0.008 
0.977 
0.9 11 
0.005 
0.089 
0.595 
0.006 
0.405 
0.001 
0.003 
3.000 
40.5 
59.5 
48.3 
0.131 
0.008 
1.001 
0.897 
0.005 
0.082 
0.533 
0.007 
0.465 
0.001 
0.002 
3.000 
46.6 
53.4 
47.3 
0.133 
0.001 
0.008 
1.004 
0.894 
0.005 
0.080 
0.497 
0.005 
0.504 
0.001 
0.001 
3.000 
50.4 
49.6 
47.1 
0.138 
0.001 
0.007 
1.038 
0.852 
0.004 
0.090 
0.580 
0.005 
0.419 
0.002 
0.003 
3.000 
41.9 
58.1 
45.1 
0.135 
0.002 
0.007 
0.994 
0.889 
0.005 
0.094 
0.369 
0.004 
0.633 
0.003 
0.001 
3.000 
63.1 
36.9 
47.2 
0.202 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy - WDS). All elemental oxide data are wt% 
Mg# = molar[100*(Mg/Mg+Fe 2•)]; Fe2# = 100- Mg#; Crlf = molar[100*(Cr/Cr+Al)] 
0.002 
0.007 
1.059 
0.837 
0.005 
0.082 
0.352 
0.004 
0.649 
0.003 
0.001 
3.000 
64.8 
35.2 
44.1 
0.188 
0.002 
0.007 
0.998 
0.890 
0.005 
0.090 
0.603 
0.006 
0.395 
0.002 
0.003 
3.000 
39.6 
60.4 
47.1 
0.130 
Detection Limits: SiD, <0.01 Ti0 2 <0.05 A1 20 3 <0.01 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.01 MgO <0.01 
0.002 
0.008 
0.928 
0.918 
0.005 
0.130 
0.674 
0.005 
0.325 
0.002 
0.004 
3.000 
32.6 
67.4 
49.7 
0.161 
0.002 
0.007 
1.001 
0.906 
0.005 
0.070 
0.566 
0.005 
0.434 
0.002 
0.002 
3.000 
43.4 
56.6 
47.5 
0. 110 
0.002 
0.008 
1.004 
0.895 
0.005 
0.077 
0.534 
0.005 
0.466 
0.002 
0.003 
3.000 
46.6 
53.4 
47.1 
0.127 
0.008 
0.981 
0.916 
0.005 
0.082 
0.540 
0.006 
0.459 
0.002 
0.002 
3.000 
46.0 
54.0 
48.3 
0.132 
0.002 
0.008 
1.026 
0.869 
0.005 
0.080 
0.451 
0.005 
0.551 
0.002 
0.002 
3.000 
55.0 
45.0 
45.9 
0.151 
0.024 
0.007 
0.906 
0.918 
0.005 
0.111 
0.602 
0.006 
0.416 
0.002 
0.004 
2.998 
40.8 
59.2 
50.3 
0.155 
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00 AII.3Chromian spinel WDS elemental oxide compositions 
ANT- ANT- ANT- ANT- ANT- ANT-
Sample DRII05- DRII05-DRII05- DRII05- DRII05- DRII05-
Si02 
Ti02 
Al 203 
Y203 
Cr203 
Fe20 3 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
0l 02 03 04 05 06 
0.04 0.04 <0.01 0.04 <0.0 1 <0.01 
0.33 0.33 0.32 0.30 0.51 0.31 
28.45 28.01 27.14 26.51 23.42 29.09 
0.20 0.20 0.18 0.18 0.16 0.20 
35.81 36.49 37. 17 35.85 35.84 34.23 
4.15 3.36 4.09 4.72 7.78 4.07 
19.20 20.66 20.59 22.44 23.60 20.82 
22.93 23.69 24.27 26.69 30.60 24.48 
0.21 0.17 0.20 0.22 0.21 0.20 
0.10 0.10 0,07 0.08 0.08 0.1 1 
0.10 0.08 0.13 0.13 0.14 0.11 
11.24 10.25 10.22 8.76 7.81 10.06 
99.81 99.71 100.11 99.23 99.54 99.20 
Cations, 0 = 4 
Si 
Ti 
AI 
Cr 
v 
Fe3• 
Fe2• 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
0.001 
0.008 
1.021 
0.862 
0.005 
0.095 
0.489 
0.005 
0.510 
0.002 
0.002 
3.000 
0.001 
0.008 
1.014 
0.886 
0.005 
0,078 
0.531 
0.004 
0.469 
0.002 
0.002 
3.000 
0.007 
0.983 
0.903 
0.004 
0.095 
0.529 
0.005 
0.468 
0.002 
0.003 
3.000 
0.001 
0.007 
0.979 
0.888 
0.005 
0.111 
0.588 
0.006 
0.409 
0.002 
0.003 
3.000 
0.012 
0.881 
0.904 
0.004 
0.187 
0.630 
0.006 
0.372 
0.002 
0.003 
3.000 
0.007 
1.054 
0.832 
0.005 
0.094 
0.535 
0.005 
0.461 
0.003 
0.003 
3.000 
ANT- ANT-
DRII05- DRII05-
08 09 
<0.0 1 0.04 
0.30 0.31 
26.68 27.35 
0.19 0.19 
35.87 36.77 
4.98 3.62 
22.56 21.06 
27.04 24.32 
0.21 0.21 
0,07 0,07 
0.15 0.10 
8.78 9.87 
99.79 99.60 
0.007 
0.980 
0.884 
0.005 
0.117 
0.588 
0.006 
0.408 
0.002 
0.004 
3.000 
0.001 
0.007 
0.996 
0.898 
0.005 
0.084 
0.544 
0.006 
0.455 
0.002 
0.002 
3.000 
Mg# 51.1 46.9 46.9 41.0 37.1 46.3 41.0 45.5 
Fe2# 48.9 53.1 53.1 59.0 62.9 53.7 59.0 54.5 
Cr# 45.8 46.6 47.9 47.6 50.7 44.1 47.4 47.4 
Fe3• /Lfe 0.1 63 0.128 0.152 0.159 0.229 0.150 0.1 66 0.134 
Notes: 
ANT- ANT- ANT-
DRII05- DRII05- DRII05-
IO II 12 
0.04 <0.01 0.05 
0.32 0.31 0.32 
26.58 26.43 27.01 
0.19 0.19 0.19 
37.72 37.02 36.53 
4.02 3.80 3.74 
20.62 23.35 22.63 
24.24 26.77 25.99 
0.20 0.20 0.21 
0,07 0.08 0.08 
0.08 0.14 0.09 
I 0.1 9 8.26 8.85 
100.02 99.77 99.70 
0.001 
0.007 
0.966 
0.919 
0.005 
0.093 
0.532 
0.005 
0.468 
0.002 
0.002 
3.000 
46.8 
53.2 
48.8 
0.149 
0.007 
0.975 
0.916 
0.005 
0.089 
0.611 
0.005 
0.386 
0.002 
0.003 
3.000 
0.002 
0.008 
0.991 
0.899 
0.005 
0.088 
0.589 
0.006 
0.411 
0.002 
0.002 
3.000 
38.7 41.1 
61.3 58.9 
48.4 47.6 
0.128 0.130 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy- WDS). All elemental oxide data are wt% 
Mg# = molar[IOO*(Mg/Mg+Fe 2•)]; Fe2# = 100- Mg#; Cr# = molar[IOO*(Cr/Cr+Al)] 
ANT-
DRII05-
13 
0,03 
0.32 
28.53 
0.20 
34.84 
3.71 
22.03 
25.37 
0.20 
0.06 
0.11 
9.31 
99.34 
0.001 
0.008 
1.040 
0.852 
0.005 
0.086 
0.570 
0.005 
0.429 
0.002 
0.003 
3.000 
43.0 
57.0 
45.0 
0.132 
ANT-
DRII05-
14 
0.04 
0.34 
28.24 
0.20 
37.63 
3.37 
15.73 
18.77 
0.13 
0.10 
0.04 
13.47 
99.31 
0.001 
0.008 
1.004 
0.897 
0.005 
0.077 
0.397 
0.003 
0.606 
0.002 
0.001 
3.000 
60.4 
39.6 
47.2 
0.162 
Detection Limits: Si~ <0.01 Ti0 2 <0.05 Al 20 3 <0.01 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.01 ZnO <0.01 MgO <0.01 
ANT- ANT- ANT- ANT-
DR II 05- DR395- DR395- DR395-
15 01 02 03 
<0.01 0.04 0.04 0.08 
0.32 0.30 0.31 0.34 
26.98 27.60 28.89 19.33 
0.20 0.20 0.19 0.14 
36.03 36.89 36.43 49.20 
3.86 3.47 4.35 2.87 
22.38 20.56 15.38 12.23 
25.86 23.68 19.29 14.81 
0.23 0.21 0.18 0.12 
0.05 
0.10 
8.8 1 
98.97 
0.008 
0.996 
0.893 
0.005 
0.091 
0.587 
0.006 
0.412 
0.001 
0.002 
3.000 
0.10 
0.13 
10.21 
99.71 
0.001 
0.007 
1.001 
0.898 
0.005 
0.080 
0.529 
0.006 
0.468 
0.002 
0.003 
3.000 
0.11 
0.06 
13.78 
99.71 
0.001 
0.007 
1.019 
0.862 
0.005 
0.098 
0.385 
0.005 
0.615 
0.003 
0.001 
3.000 
0.16 
0.03 
14.87 
99.40 
0.003 
0.008 
0.705 
1.204 
0.004 
0.067 
0.316 
0.003 
0.686 
0.004 
0.001 
3.000 
ANT-
DR395-
04 
0.05 
0.32 
28.79 
0. 19 
37.16 
3.59 
15.90 
19.13 
0.14 
0.11 
0.07 
13.49 
99.81 
0.002 
0.007 
1.017 
0.880 
0.005 
0.081 
0.399 
0.004 
0.603 
0.003 
0.002 
3.000 
41.2 
58.8 
47.3 
0.134 
47.0 
53.0 
47.3 
0.132 
61.5 
38.5 
45.8 
0.203 
68.4 60.2 
3 1.6 39.8 
63.1 46.4 
0.174 0.169 
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AII.3Chromian spinel WDS elemental oxide compositions 
Sample 
Si02 
Ti02 
Al20J 
Y20J 
Cr20J 
Fe20 J 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
ANT- ANT- ANT- ANT- ANT-
DR395- DR396- DR396- DR396- DR397-
05 01 02 03 01 
0,07 <0.01 0.39 0.04 <0.01 
0.39 0.29 0.38 0.28 0.31 
16.74 
0.21 
50.22 
3.00 
16.85 
19.55 
0.18 
0.10 
0.05 
11 .60 
99.40 
26.66 
0.18 
36.68 
4.34 
21.77 
25.67 
0.21 
0,07 
0.13 
9.27 
99.60 
17.41 
0.24 
46.81 
2.38 
24.02 
26.16 
0.25 
0.03 
0.12 
7.11 
99.23 
26.08 
0.19 
35.99 
5.55 
22.81 
27.80 
0.21 
0,07 
28.79 
0.20 
37.49 
4.22 
13.95 
17.75 
0.15 
0.10 
0.14 0.04 
8.62 14.77 
99.98 100.03 
Cations, 0 = 4 
Si 
Ti 
AI 
Cr 
v 
Fe3• 
Fe2• 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
0.002 
0.009 
0.631 
1.269 
0.005 
0.072 
0.450 
0.005 
0.553 
0.003 
0.001 
3.000 
0.007 
0.978 
0.903 
0.005 
0.102 
0.567 
0.006 
0.430 
0.002 
0.003 
3.000 
0.013 
0.009 
0.674 
1.216 
0.006 
0.059 
0.660 
0.007 
0.348 
0.001 
0.003 
2.997 
0.001 
0.007 
0.960 
0.889 
0.005 
0.130 
0.596 
0.006 
0.402 
0.002 
0.003 
3.000 
0.007 
1.007 
0.880 
0.005 
0.094 
0.346 
0.004 
0.654 
0.002 
0.001 
3.000 
ANT-
DR397-
02 
0.04 
0.33 
27.00 
0.22 
37.07 
3.97 
19.55 
23.12 
0.22 
0.08 
0.10 
10.77 
99.34 
0.001 
0.008 
0.981 
0.904 
0.006 
0.092 
0.504 
0.006 
0.495 
0.002 
0.002 
3.000 
ANT-
DR397-
03 
<0.0 1 
0.29 
28.08 
0.21 
37.20 
4.06 
16.14 
19.79 
0.16 
0.08 
0.08 
13.1 1 
99.42 
0.007 
1.000 
0.889 
0.005 
0.092 
0.408 
0.004 
0.591 
0.002 
0.002 
3.000 
Mg# 55.1 43.2 
56.8 
48.0 
0.152 
34.5 40.3 65.4 49.6 59.2 
Fe2# 44.9 65.5 59.7 34.6 50.4 40.8 
Cr# 66.8 64.3 48.1 46.6 47.9 47.1 
Fe3• fLFe 0.138 0.082 0.179 0.214 0.155 0.185 
Notes: 
ANT-
DR397-
04 
0,07 
0.32 
28.80 
0.21 
36.93 
3.82 
16.03 
19.47 
0.24 
0.08 
0.09 
13.39 
100.00 
0.002 
0.007 
1.016 
0.874 
0.005 
0.086 
0.401 
0.006 
0.598 
0.002 
0.002 
3.000 
59.8 
40.2 
46.2 
0.177 
ANT-
DR397-
05 
0,07 
0.32 
27.48 
0.21 
37.81 
3.68 
16.67 
19.98 
0.18 
0.09 
0,07 
12.76 
99.33 
0.002 
0.007 
0.984 
0.908 
0.005 
0.084 
0.423 
0.005 
0.578 
0.002 
0.002 
3.000 
ANT-
DR397-
06 
0.08 
0.31 
28.80 
0.19 
36.37 
3.26 
18.48 
21.41 
0.19 
0.08 
O.o? 
11.77 
99.60 
0.002 
0.007 
1.030 
0.872 
0.005 
0.074 
0.469 
0.005 
0.532 
0.002 
0.002 
3.000 
ANT-
DR397-
07 
0.06 
0.30 
25.77 
0.19 
36.90 
3.76 
23.59 
26.98 
0.21 
0.05 
0.13 
7.91 
98.88 
0.002 
0.007 
0.963 
0.925 
0.005 
0.090 
0.625 
0.006 
0.374 
0.001 
0.003 
3.000 
ANT-
DR397-
08 
0.06 
0.32 
28.25 
0.18 
38.13 
4.27 
12.74 
16.58 
0.12 
0.09 
0,03 
15.53 
99.73 
0.002 
0.007 
0.988 
0.895 
0.004 
0.095 
0.316 
0.003 
0.687 
0.002 
0.001 
3.000 
57.7 53.2 37.4 68.5 
42.3 46.8 62.6 31.5 
48.0 45.9 49.0 47.5 
0.166 0.137 0.126 0.232 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy - WDS). All elemental oxide data are wt% 
Mgll = molar[IOO*(Mg/Mg+Fe 2•)]; Fe2# = 100- Mg#; Cr# = molar[IOO*(Cr/Cr+AI)] 
ANT-
DR397-
09 
0.06 
0.30 
28.08 
0.19 
37.74 
4.07 
14.20 
17.86 
0.14 
0.08 
0.06 
14.45 
99.37 
0.002 
0.007 
0.992 
0.895 
0.005 
0.092 
0.356 
0.004 
0.646 
0.002 
0.001 
3.000 
64.5 
35.5 
47.4 
0.205 
Detection Limits: Si~ <0.01 Ti0 2 <0.05 Al 20 3 <0.01 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.0 1 NiO <0.0 1 ZnO <0.01 MgO <0.01 
ANT-
DR397-
10 
<0.01 
0.32 
28.12 
0.21 
36.56 
3 .75 
18.46 
21.83 
0.18 
0.07 
0,07 
11.60 
99.34 
0.007 
1.012 
0.882 
0.005 
0.086 
0.471 
0.005 
0.528 
0.002 
0.002 
3.000 
52.8 
47.2 
46.6 
0.155 
ANT-
DR397-
II 
0.05 
0.30 
27.07 
0.20 
35.41 
4.03 
23.28 
26.90 
0.19 
0.06 
0.12 
8.27 
98.98 
0.002 
0.007 
1.003 
0.880 
0.005 
0.095 
0.612 
0.005 
0.387 
0.002 
0.003 
3.000 
38.8 
61.2 
46.7 
0.135 
ANT-
DR397-
12 
0,07 
0.33 
27.73 
0.19 
37.72 
3.50 
17.68 
20.83 
0.22 
0.06 
0,07 
12.22 
99.78 
0.002 
0.008 
0.992 
0.905 
0.005 
0.080 
0.449 
0.006 
0.553 
0.001 
0.002 
3.000 
55.2 
44.8 
47.7 
0.151 
ANT-
DR397-
13 
<0.01 
0.31 
28.17 
0.19 
35.92 
3.62 
21.03 
24.29 
0.20 
0.06 
0.06 
9.96 
99.53 
0.007 
1.023 
0.875 
0.005 
0.084 
0.542 
0.005 
0.457 
0.002 
0.002 
3.000 
45.8 
54.2 
46.1 
0.134 
ANT-
DR397-
14 
0,07 
0.33 
29.18 
0.20 
37.34 
4.22 
12.86 
16.65 
0.14 
0,07 
0.06 
15.62 
100.08 
0.002 
0.007 
1.013 
0.870 
0.005 
0.094 
0.317 
0.004 
0.686 
0.002 
0.001 
3.000 
68.4 
31.6 
46.2 
0.228 
::t... ~ 
~ 
~ R· 
::::: .. 
~ 
~ 
-g 
.§ 
~ 
:::.· ~· 
:::: 
"' 
N 
00 
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Sample 
Si02 
Ti02 
AI203 
V203 
Cr20 3 
Fe203 
FeO 
FeO, 
MnO 
NiO 
ZnO 
MgO 
Total 
ANT- ANT- ANT- ANT- ANT-
DR397- WAT WAT WAT WAT 
15 1303-01 1303-03 1303-04 1303-05 
<0.01 0.05 <0.01 <0.01 0.07 
0.28 0.36 0.56 0.35 0.35 
25.57 25.13 24.38 24.83 28.70 
0.1 9 0.20 0.21 0.17 0.20 
36.34 36.64 35.77 34.77 37.72 
5.59 5.21 6.64 8.04 4.08 
23.53 
28.56 
0.23 
0.05 
0.14 
8.06 
99.97 
23.84 
28.53 
0.23 
0.06 
0.1 4 
7.84 
99.70 
24.28 
30.25 
0.20 
0.05 
0.1 2 
7.60 
99.81 
23.38 
30.62 
0.20 
0.08 
0.19 
8.09 
100.11 
12.59 
16.26 
0.14 
0.12 
0.05 
15.65 
99.67 
Cations, 0 = 4 
Si 
Ti 
AI 
Cr 
v 
Fe3+ 
Fe2• 
Mn 
Mg 
Ni 
Zn 
Total 
Cations 
0.007 
0.947 
0.903 
0.005 
0.132 
0.619 
0.006 
0.378 
0.001 
0.003 
3.000 
Mg# 37.9 
Fe2# 62.1 
Cr# 48.8 
Fe3• fLFe 0.176 
Notes: 
0.002 
0.009 
0.936 
0.915 
0.005 
0.124 
0.630 
0.006 
0.369 
0.002 
0.003 
3.000 
37.0 
63.0 
49.4 
0.164 
0.013 
0.912 
0.898 
0.005 
0.159 
0.644 
0.005 
0.360 
0.001 
0.003 
3.000 
35.8 
64.2 
49.6 
0.197 
0.008 
0.922 
0.866 
0.004 
0.191 
0.616 
0.005 
0.380 
0.002 
0.004 
3.000 
38.1 
61.9 
48.4 
0.236 
0.002 
0.008 
1.002 
0.883 
0.005 
0.091 
0.312 
0.004 
0.691 
0.003 
0.001 
3.000 
68.9 
31.1 
46.9 
0.226 
ANT-
WAT 
1303-06 
0.06 
0.33 
25.22 
0.18 
36.52 
4.99 
24.39 
28.88 
0.20 
0.05 
0.13 
7.49 
99.56 
0.002 
0.008 
0.942 
0.915 
0.005 
0.119 
0.646 
0.005 
0.354 
0.001 
0.003 
3.000 
35.4 
64.6 
49.3 
0.156 
ANT- ANT- ANT- ANT-
WAT WAT WAT WAT 
1303-07 1303-08 1303-09 1303-10 
0.05 <0.0 1 0.05 0.04 
0.55 0.33 0.35 0.33 
25.41 27.50 27.75 27.64 
0.24 0.20 0.20 0.20 
35.99 37.10 38.00 36.84 
5.43 3.61 3.88 3.11 
23.69 19.46 16.23 21.20 
28.58 22.71 19.72 24.00 
0.19 0.19 0.17 0.20 
0.05 0.09 0.10 0.09 
0.11 0.06 0.09 0.09 
8.16 10.90 13.20 9.82 
99.90 99.45 100.02 99.56 
0.002 
0.013 
0.942 
0.895 
0.006 
0.129 
0.623 
0.005 
0.383 
0.001 
0.003 
3.000 
38.0 
62.0 
48.7 
0.171 
0.008 
0.996 
0.901 
0.005 
0.083 
0.500 
0.005 
0.499 
0.002 
0.001 
3.000 
50.0 
50.0 
47.5 
0.143 
0.002 
0.008 
0.984 
0.904 
0.005 
0.088 
0.409 
0.004 
0.592 
0.002 
0.002 
3.000 
59.2 
40.8 
47.9 
0.177 
0.001 
0.008 
1.006 
0.899 
0.005 
0.072 
0.547 
0.005 
0.452 
0.002 
0.002 
3.000 
45.2 
54.8 
47.2 
0.117 
Determined by electron microprobe (Wavelength Dispersive Spectroscopy- WDS). All elemental oxide data are wt% 
Mg# = molar[100*(Mg/Mg+Fe 2•)]; Fe2# = 100- Mg#; Cr# = molar[ I OO*(Cr/Cr+AI)] 
ANT-
WAT 
1303-11 
0.07 
0.30 
26.96 
0.20 
35.65 
4.56 
22.61 
26.71 
0.21 
0.05 
0.12 
8.82 
99.55 
0.002 
0.007 
0.991 
0.879 
0.005 
0.1 07 
0.590 
0.006 
0.410 
0.001 
0.003 
3.000 
41.0 
59.0 
47.0 
0.153 
ANT- ANT-
WAT WAT 
1303-12 1303-13 
<0.01 0. 11 
0.28 0.31 
25.75 26.88 
0.1 8 0.20 
36.82 36.95 
5.01 3.46 
23.06 22.60 
27.56 25.71 
0.21 0.21 
0.06 0.05 
0.19 0.12 
8.36 8.93 
99.89 99.81 
0.007 
0.9;i2 
0.913 
0.005 
0.118 
0.605 
0.006 
0.391 
0.001 
0.004 
3.000 
39.3 
60.7 
49.0 
0.163 
0.003 
0.007 
0.985 
0.908 
0.005 
0.081 
0.587 
0.006 
0.414 
0.001 
0.003 
3.000 
41.3 
58.7 
48.0 
0.121 
Detection Limits: Si~ <0.01 Ti0 2 <0.05 Al20 3 <0.0 1 V 20 3 <0.05 Cr20 3 <0.05 FeO <0.01 MnO <0.01 NiO <0.0 1 ZnO <0.0 1 MgO <0.01 
ANT-
WAT 
1303-14 
<0.01 
0.30 
25.79 
0.18 
35.71 
6.01 
22.94 
28.35 
0.20 
0.08 
0.15 
8.43 
99.80 
0.007 
0.954 
0.886 
0.005 
0.142 
0.602 
0.005 
0.394 
0.002 
0.004 
3.000 
39.6 
60.4 
48.2 
0.191 
AB247-
04 
0.04 
0.32 
27.81 
0.22 
34.93 
4.70 
21.52 
25.75 
0.20 
O.D7 
0.11 
9.60 
99.51 
0.001 
0.008 
1.014 
0.854 
0.006 
0.109 
0.557 
0.005 
0.443 
0.002 
0.003 
3.000 
44.3 
55.7 
45.7 
0.164 
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Appendix II: Mineral Compositions 
All.4: Ilmenite and titanomae.netite comeositions 
titano- titano- titano- titano- titano- titano-
ilmenite ilmenite ilmenite ilmenite ilmenite ilmenite magnetite magnetite magnetite magnetite magnetite magnetite 
Mineral A 8 c D E F A 8 c D E F 
Si02 bdl bdl bdl bdl bdl bdl bdl bdl 0.12 0.09 0.22 bdl 
TiO, 48.78 48.52 48.43 50.31 49.75 50.50 4.27 3.26 3.51 3.82 4.24 4.10 
Al ,0 3 bdl bdl bdl bdl bdl bdl 2.48 2.1 1 1.73 0.75 0.20 1.86 
v,oJ 0.35 bdl bdl bdl bdl bdl 0.92 1.32 1.36 0.46 1.23 0.71 
Cr,OJ bdl bdl bdl bdl 0.09 bdl 0.08 bdl bdl bdl bdl 0.12 
Fe20 3 7.62 8.34 8.66 4.12 5.32 4.31 56.35 58.79 58.85 60.67 59.38 58.74 
FeO 41.15 41.04 40.56 42.79 43.00 43.55 35.26 34.36 34.76 34.96 35.37 35.36 
MnO 0.56 0.67 0.61 0.64 0.57 0.43 bdl bdl 0.11 bdl bdl bdl 
MgO 1.16 1.03 1.29 1.01 0.61 0.71 bdl bdl bdl bdl bdl bdl 
CaO 0.06 0.06 0.06 bdl 0.06 0.12 bdl 0.07 0.06 0.13 0. 18 0.12 
Total 99.68 99.66 99.6 1 98.86 99.40 99.63 99.36 99.92 100.51 100.89 100.82 I 01.03 
Si 0.005 0.003 0.008 
Ti 1.848 1.842 1.836 1.921 1.897 1.918 0.122 0.093 0.100 0.109 0.121 0.116 
AI 0.111 0.095 0.077 0.034 0.009 0.082 
v 0.014 0.028 ·0.040 0.041 0.014 0.037 0.022 
Cr 0.004 0.002 0.004 
FeJ+ 0.289 0.317 0.327 0.157 0.203 0.164 1.614 1.679 1.673 1.728 1.695 1.661 
Fe 2• 1.734 1.733 1.710 1.817 1.823 1.840 1.122 1.090 1.098 1.107 1.122 I. III 
Mn 0.024 0.029 0.026 0.028 0.024 0.018 0.004 
Mg 0.087 0.077 0.097 0.076 0.046 0.054 
Ca 0.003 0.003 0.003 0.003 0.007 0.003 0.003 0.005 0.007 0.005 
Cations 4.000 4.000 3.998 4.000 4.000 4.000 3.000 3.000 3.000 3.000 3.000 3.000 
Notes: 
Determined by electron microprobe (Energy Dispersive Spectroscopy - EDS) All elemental oxide data are wt% 
Detection limits: Si02 <0.09 Ti02 <0.07 AI,03 <0.09 V20 3 = 0.15 Cr20 3 <0.08 FeO <0.09 MnO < 0.08 MgO <0.1 CaO <0.06 
bdl =below detection limit 
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APPENDIX III: GEOCHRONOLOGY 
Alii. I: 40Ar)9 Ar Methods 
Samples for 40 ArP9 Ar dating were chosen on the basis of stringent petrographic criteria, i.e. only 
samples containing fresh unaltered plagioclase feldspar crystals were chosen. Feldspar separates 
were prepared in order to minimise the effects of alteration. The rocks were initially crushed in 
a tungsten carbide mill, and the 90 - 180 !J.m mesh fract ion retained . The samples were 
separated twice through heavy liquids (tetrabromo-ethane), with density initially set at 2.69 to 
isolate pyroxene and oxide phases, then at 2.67 to separate the quartz fraction. Because of the 
size heterogeneity, the feldspar crystals were sieved to 125 !J.m mesh, and the size fraction 125 -
180 ~J.m was selected. The final feldspar concentrates were washed ultrasonically in ethanol for 
10 minutes to remove impurities adhering to the individual crystals. The separated feldspar 
crystals were then carefully, handpicked to isolate the freshest, unaltered grains for Ar-Ar 
analysis. 
The 40 ArP9 Ar dating method is described in detail by McDougall & Harrison (1999). Three 
plagioclase separates of~ 1 Omg and one at ~20mg were wrapped in aluminium foil and packed 
into a cadmium lined aluminium irradiation canister. The cadmium shield serves to minimise 
production of nucleogenic 40 Ar, (Tetley eta!. (1980); McDougall & Harrison (1999). Synthetic 
K-silicate glass was placed at each end of the canister to monitor 40 Ar production from 
potassium and the effectiveness of the cadmium shielding. Aliquots of the fluence monitor, 
(RSES intra laboratory standard) GA1550 biotite of 98.8 ±1 Ma (McDougall & Roksandic 
(1974); Renne eta!. (1998) were interspersed between samples. The irradiation canister (ANU 
73) was irradiated for 672 hours in position X33 or X34 of the ANSTO, HIFAR reactor, Lucas 
Heights, New South Wales. To minimise neutron flux gradients, the sample canister was 
inverted 180° three times during the irradiation process, firstly at 168 hours, then 336 hours and 
lastly 504 hours. 
Subsequent to the irradiation process, the samples were placed in a ultrahigh vacuum (UHV) 
line and baked overnight at 200°C. Analytical methods follow those described by McDougall 
& Harrison (1999). Approximately 3 to 6mg aliquots of each sample were placed in tin foil 
sachets prior to analysis on the VG3600 mass spectrometer at RSES, ANU. Argon was released 
from the sample by incremental step heating in a tantalum resistance furnace. The extracted gas 
is purified over getters in the extraction system prior to isotopic analysis by the mass 
spectrometer. A minimum of 13 steps over a temperature range from 600°C to 1450° was 
employed. Sensitivity was~ 2.2 x 10- 17 mol/mV. The measured correction factor (40Arr Ar)K 
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during irradiation on the two K-silicate glasses was 0.0370. Correction factors used in all 
calculations are as follows: e6ArPArka = 3.50 (±0.02) X 10·4; e9 ArP7 Ar)ca = 7.86 (±0.5) X I o-4 
(Tetley et al., 1980; McDougall & Harrison, 1999); (40 Ad9 Ar)K = 3. 7x 10·2 • The age 
determination errors are all lo and exclude errors associated with the irradiation parameter, J. 
The error for J is- 0.4%. Data acqusition for the VG3600 mass spectrometer was controlled by 
the Noble program, which was operated on a Macintosh computer. 
AIIL2: 40Ari9Ar Results 
Results from 40Ar/39Ar are presented in Table AIII.l. 
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AIII.l "0 ArP9 Ar Step-Heating Analytical Results 
Temperature Cumulative •oArf'9Ar 
Volume •;. ± 
37Ar/39Ar 36Ar/39Ar 39Ar x 10"15 R d" - C /K "0Ar*P9Ar Age Is. d. (OC) 39Ar a wgemc a (M ) 
mol ""Ar a (Ma) 
HS002(1) Plagioclase Feldspar 
Mass= 5.85 mg 
J-value = 0.009461 ± 0.000028 
650 0.0078 91.50 17.08 0.2079 0.201 34.8 32.9 32.25 480.4 13 .6 
725 0.0217 46.16 20.65 0.0471 0.361 74.4 39.9 34.91 514.9 8.0 
800 0.0604 39.46 21.53 0.0264 1.001 85.8 41.6 34.45 508.9 2.6 
850 0.1221 37.24 21.26 0.0182 1.600 91.4 41.1 34.61 51 1.0 2.9 
900 0.2243 35.85 20.81 0.0142 2.646 94.2 40.2 34.35 507.7 1.3 
950 0.3544 34.95 20.57 0.0116 3.368 96.2 39.7 34.19 505.6 1.4 
1000 0.5043 34.91 20.03 0.0109 3.879 96.6 38.7 34.27 506.7 1.2 
1050 0.6487 34.89 19.01 0.0100 3.735 97.1 36.7 34.39 508.1 1.2 
1100 0.7614 35 .18 17.26 0.0097 2.908 96.8 33.2 34.55 510.2 1.5 
1150 0.8429 35 .55 13.98 0.0102 2.100 95.5 26.9 34.34 507.5 1.8 
1200 0.9154 35.83 12.92 0.0108 1.865 94.7 24.8 34.30 507.0 1.5 
1250 0.9675 36.48 19.50 0.0161 1.348 92.4 37.6 34.23 506.1 1.6 
1300 1.0000 38.48 22.20 0.0234 0.843 87.9 42.9 34.42 508.6 2.2 
Total 36.28 18.88 0.0148 25.85 34.35 507.6 1.7 
HS002(2) Plagioclase Feldspar 
Mass= 3.73 mg 
J-value = 0.009461 ± 0.000028 
650 0.0095 74.36 16.20 0.1249 0.192 52.6 31.2 39.57 573.7 10.1 
725 0.0284 47.55 19.86 0.0381 0.383 80.6 38.3 38.92 565.6 4.1 
800 0.0741 41.76 20.70 0.0256 0.928 86.9 40.0 36.91 540.4 2.7 
850 0.1392 37.80 20.95 0.0181 1.320 91.5 40.5 35.16 518.1 1.7 
900 0.2382 37.03 20.42 0.0130 2.008 95.2 39.4 35.83 526.6 1.6 
950 0.3533 35.97 20.08 0.0122 2.333 95.6 38.8 34.95 515 .4 1.3 
1000 0.4716 35.70 19.61 0.0117 2.397 95.9 37.9 34.77 513 .1 1.0 
1050 0.5853 35.65 18.27 0.0120 2.301 95.2 35.2 34.46 509.1 1.3 
1100 0.6758 36.41 16.44 0.0140 1.831 93.2 3 1.6 34.38 508.0 1.5 
1150 0.7444 37.67 13.35 0.0173 1.382 90.0 25.6 34.28 506.7 2.1 
1200 0.8024 39.25 12.48 0.0234 1.169 85 .6 24.0 33.94 502.4 2.1 
1250 0.8442 42.45 17.67 0.0347 0.847 80.1 34.0 34.46 509.1 2.9 
1300 0.8703 50.14 21.40 0.0638 0.529 66.7 41.4 34.04 503.6 5.6 
1350 0.8894 63.58 22.40 0.1 085 0.390 53.1 43.3 34.39 508.1 8.4 
1400 0.9255 54.47 24.01 0.0791 0.733 61.6 46.5 34.18 505.5 4.4 
1450 1.0000 49.85 24.07 0.0620 1.515 68.2 46.6 34.63 511.2 2.6 
Total 40.19 19.08 0.0262 20.26 34.92 515.0 2.1 
DR021 Plagioclase Feldspar 
Mass = 4.33 mg 
J-value = 0.009461 ± 0.000028 
650 0.0066 84.69 15.89 0.1799 0.121 39.1 30.6 33.57 497.55 17.5 
725 0.0170 51.85 2 1.26 0.0678 0.190 65.5 41.1 34.56 510.40 8.4 
800 0.0881 43.16 30.81 0.0442 1.309 77.1 60.0 34.09 504.29 2.6 
850 0.1137 38.3 1 32.72 0.0267 4.722 88.2 63.8 34.67 511.79 4.8 
900 0.1886 35.81 31.44 0.0191 1.380 93.2 61.2 34.22 506.01 2.0 
950 0.2661 34.92 30.68 0.0168 1.426 94.7 59.7 33.90 501.88 1.8 
1000 0.3759 34.20 27.41 0.0143 2.016 95.8 53.2 33.49 496.51 1.5 
1050 0.5056 33.90 22.44 0.0119 2.373 96.4 43.4 33.25 493.49 2.6 
1100 0.6150 34.39 19.71 0.0119 1.998 95.6 38.0 33.38 495.15 1.4 
1150 0.6950 35.02 18.60 0.0132 1.458 94.2 35.9 33.49 496.56 1.6 
1200 0.7537 36.13 18.04 0.0166 1.071 91.5 34.8 33.54 497.24 2.3 
1250 0.7952 40.34 25.97 0.0313 0.762 83.6 50.4 34.44 508.82 2.8 
1300 0.9938 46.09 36.73 0.0560 3.673 72.3 71.9 34.30 507.00 2.0 
1350 1.0000 516.3 41.78 1.6632 0.115 5.6 82.1 30.02 450.98 115.8 
Total 41.45 27.38 0.0378 18.36 33.80 500.56 2.9 
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Alii. I ••ArP9Ar Step-Heating Analytical Results 
Volume % ± 
Temperature Cumulative ••Ar/J9Ar 37Ar/39Ar 36Ar/39 A r 39Ar X I0- 1 ~ Radiogenic Ca/K ••Ar*P9Ar,ge (M: Is.d. (oC) J9Ar 
mol ••Ar (Ma) 
KTOOI Plagioclase Feldspar 
Mass =4.36 mg 
J-value = 0.009461 ± 0.000028 
650 0.011 69.48 7.823 0.1392 0.299 41.9 15.0 29.24 441.7 12.2 
700 0.020 44.93 10.27 0.0456 0.240 72.3 19.7 32.67 487.2 7.3 
775 0.045 40.50 13.28 0.0278 0.689 83.0 25.5 33.85 502.9 3.5 
850 0.098 38.02 15.10 0.0199 1.434 88.6 29.0 33.94 504.4 2.1 
925 0.198 36.95 15.86 0.0161 2.725 91.5 30.5 34.07 506.1 1.8 
975 0.296 34.75 15.24 0.0099 2.685 96.0 29.3 33.61 500.1 1.6 
1025 0.403 33.66 13.81 0.0082 2.906 96.9 26.5 32.84 489.9 1.1 
1075 0.505 33.62 12.58 0.0081 2.791 96.7 24.1 32.70 487.9 1.6 
1125 0.592 33.89 10.52 0.0081 2.357 96.0 20.2 32.7 1 487.8 1.4 
1175 0.688 34.26 9.568 0.0087 2.617 95.3 18.3 32.80 488.8 1.4 
1225 0.773 35.13 13.83 0.0120 2.324 93.8 26.6 33. 19 494.5 1.6 
1275 0.815 37.32 19.36 0.0196 1.130 89.8 37.4 33.83 503.4 2.3 
1325 0.840 41.43 19.01 0.0352 0.686 79.6 36.7 33.28 496.3 3.4 
1375 0.867 43.29 19.84 0.0422 0.748 75.8 38.3 33.15 494.7 3.7 
1425 0.936 38.46 20.07 0.0293 1.897 82.8 38.7 32.15 481.7 2.1 
1450 1.000 42.31 19.87 0.0437 1.747 74.3 38.3 31.72 476.1 2.3 
Total 36.69 14.65 0.0182 27.28 33.02 492.4 2.0 
LBOII(I) Plagioclase Feldspar 
Mass= 3.64 mg 
J-value = 0.009461 ± 0.000028 
650 0.0088 71.99 20.10 0.1427 0.150 44.3 38.8 32.36 481.9 14.8 
725 0.0241 49.03 22.40 0.0629 0.263 66.7 43.3 33.31 494.2 5.8 
800 0.0574 43.15 23.40 0.0410 0.570 77.5 45.3 34.06 503.9 3.1 
850 0.1027 39.34 23.95 0.0275 0.778 85.6 46.4 34.31 507.2 2.2 
900 0.1640 37.44 23.92 0.0212 1.050 89.8 46.3 34.29 506.8 2.0 
950 0.2395 36.65 23.88 0.0174 1.300 92.6 46.2 34.58 510.6 3.5 
1000 0.3247 36.21 23.46 0.0175 1.460 92.3 45 .4 34.05 503.8 1.7 
1050 0.4025 36.71 23.26 0.0194 1.330 90.8 45.0 33.96 502.7 2.4 
1100 0.4546 39.19 22.47 0.0280 0.893 84.7 43.5 33.80 500.6 2.2 
1150 0.4846 44.23 20.86 0.0470 0.513 73 .4 40.3 33.01 490.4 4.2 
1200 0.5088 49.35 21.15 0.0608 0.415 67.9 40.9 34.10 504.4 6.5 
1250 0.5486 45.00 23.42 0.0485 0.682 73.4 45.4 33.67 498.9 3.9 
1300 0.6068 42.86 24.11 0.0402 1.000 78.0 46.7 34.09 504.3 2.7 
1350 0.6576 47.82 24.13 0.0559 0.871 70.6 46.7 34.42 508.6 3.1 
1400 0.8284 39.61 24.04 0.0277 2.930 85.5 46.6 34.54 510.2 1.4 
1450 1.0000 41.75 23.58 0.0359 2.940 80.4 45.6 34.18 505.5 1.5 
Total 40.29 23.24 0.0314 10.41 34.01 503.3 3.0 
Notes: 
I) Errors are one sigma uncertainties and exclude uncertainties in the J-value. 
ii) Data are corrected for mass spectrometer backgrounds, discrimination and radioactive decay. 
iii) Interference corrections: C6ArP7 Ar)ca = 3.2E-4; C9 Ar/37 Ar)c. = 7.86E-4; {"0 ArP9 Ar)K = 3.70E-2 
iv) J-value is based on an age of98.8 Ma for GA-1550 biotite. 
/ 
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SHRIMP zircon age for an Early Cambrian dolerite dyke: 
an intrusive phase of the Antrim Plateau Volcanics of 
northern Australia 
L. M. HANLEY' AND M. T. D. WINGATE2 
1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia. 
2Tectonics Special Research Centre, Department of Geology and Geophysics, University of Western 
Australia, Nedlands, WA 6907, Australia. 
The Antrim Plateau Volcanics. Australia's largest Phanerozoic flood-basalt province, originally 
covered an area of at least 300 ODD km2 across northern Australia. Stratigraphic constraints Indicate 
that the Antrim Plateau Volcanics are of Early Cambrian age (ca545-509 Ma). although previous 
attempts to date the Antrim basalts by radiometric methods have been inconclusive. We present 
an ion microprobe U-Pb zircon age of 513:!: 12 Ma for the - 250 km-long Milliwindi dolerite dyke in 
the west Kimberley. The dolerite is geochemically identical to basalts of the Antrim Plateau Volcanics. 
and was probably a feeder dyke for basalts that have since been eroded. It is suggested that 
the Antrim Plateau Volcanics extended hundreds of kilometres further to the west than recognised 
previously and may have once covered part of the Kimberley block. 
KEY WORDS: Antrim Plateau Volcanics, Cambrian, flood basalts, geochronology, Kimberley, SHRIMP, 
zircon dating. 
INTRODUCTION 
The Antrim Plateau Volcanics and their stratigraphic 
equivalents comprise a flood-basalt province of Early 
Cambrian age that covers an extensive area of northern 
Australia (Figure 1). Although the present outcrop extent 
of the Antrim Plateau Volcanics is approximately 
35 000 km2 (Bultitude 1976), Antrim Plateau Volcanics and 
their correlatives underlie the sedimentary strata of a 
number of Palaeozoic basins in Western Australia and the 
Northern Territory (Ord, Bonaparte, Wiso, Daly River 
and Georgina Basins) so that the original extent of the 
province may have been 300 000-400 000 km2 (Bultitude 
1976), equivalent in size to some of the world's major flood-
basalt provinces (Veevers & Powell1984). 
Field relationships of the Antrim Plateau Volcanics 
have been described previously by Traves (1955), Randal 
and Brown (1967), Bultitude (1976) and Mory and Beere 
(1988). The Antrim Plateau Volcanics consist of a series of 
- 20-00 m-thick lava flows of mostly fine-grained massive 
basalt, with conspicuous vesicular flow tops, and less com-
mon plagioclase-phyric basalt. They attain their greatest 
overall thickness ( - 700-1000 m) in the east Kimberley 
region of Western Australia (Mory & Beere 1988) and have 
their greatest outcrop extent in the Victoria River region 
of the Northern Territory: The basalts have only minor 
outcrop extent in the Halls Creek Orogen (Figure 1) and 
appear to be truncated against the eastern margin of the 
orogen (Mory & Beere 1988 figure 13). Other basaltic rocks, 
stratigraphically equivalent and geochemically identical to 
the Antrim Plateau Volcanics (Bultitude 1976; L. M. Hanley 
unpubl. data), crop out in the central and southeastern 
regions of the Northern Territory (the Peaker Piker 
Volcanics, Helen Springs Volcanics and Nutwood Downs 
Volcanics) and also in Queensland (Colless Volcanics). 
Additionally, Walter et al. (1995) suggested that the Table 
Hill Volcanics in the Officer Basin may be an Antrim basalt 
correlative of latest Precambrian to Early Cambrian age. 
It is probable that the major eruptive centres for the 
Antrim Plateau Volcanics were located in the east 
Kimberley and Victoria River regions of the Northern 
Territory where they are at their thickest and where most 
of the rocks presently outcrop. Bultitude (1976) found that 
eruptive centres for the Antrim Plateau Volcanics were not 
easily recognisable, probably because the vents were buried 
by later lava flows. However, recent aerial magnetic 
imagery in the Victoria River region (K. Slater pers. comm. 
1999) reveals a linear fissure system of - 20-50 km in 
length that may have been a site of basalt eruption. In other 
continental flood-basalt provinces (e.g. the Mackenzie 
igneous province of northern Canada: LeCheminant & 
Heaman 1989; Ernst & Baragar 1992), extensive feeder dyke 
systems were responsible for transport of basaltic magma 
over many hundreds of kilometres from their inferred 
source (Griselin et al. 1997). Although an extensive feeder 
dyke system has not been previously documented for the 
Antrim Plateau Volcanics, Bultitude (1976) recognised a 
swarm of northwest-trending, brecciated dykes that 
truncate earlier Antrim Plateau Volcanics basalt flows in 
the southeastern margin of the Ord Basin (east Kimberley). 
Other dykes cross-cutting Precambrian basement struc-
tures are known from geological mapping in the east 
Kimberley. Griffin et al. (1993) described a number of 
dolerite dykes that intruded Palaeo proterozoic rocks of the 
King Leopold orogenic belt and the Kimberley Basin 
succession, the most prominent being the - 250 km-long 
Milliwindi dolerite, which is well exposed in the Lennard 
River region (Figure 1), and cross-cuts Proterozoic rocks of 
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the King Leopold Orogen. Another dolerite dyke of limited 
outcrop extent, the Mt Ramsay dolerite, cross-cuts grani-
toids south of Halls Creek and may be part of a regional 
dyke swarm. 
In the west, the Antrim Plateau Volcanics uncon-
formably overlie Proterozoic basement of various 
stratigraphic ages (Figure 2). In the east, the Nutwood 
Downs Volcanics and Peaker Piker Volcanics (Antrim 
Plateau Volcanics equivalents) are conformably underlain 
by the Bukalara Sandstone (Dunn 1963; Bultitude 1976). 
The Bukalara Sandstone, which overlies Proterozoic 
units of the McArthur Basin region, contains trace fossils 
of presumed Early Cambrian age (Ahmad & Wygralak 
1989), which provides a lower stratigraphic constraint 
for the Antrim Plateau Volcanics. Elsewhere, the Antrim 
Plateau Volcanics unconformably overlie rocks of 
Mesoproterozoic-Neoproterozoic age. 
Basalt flows of the Antrim Plateau Volcanics are 
intercalated with thin beds of aeolian sandstone and 
stromatolitic chert (Randal & Brown 1967), although age. 
diagnostic fossils have not been found (Bultitude 1976). The 
Antrim Plateau Volcanics are overlain by limestone and 
chertified limestone of early-Middle Cambrian age: west to 
east-Headleys Limestone (Mary & Beere 1988), Montejinni 
Limestone (Randal & Brown 1967), Tindall Limestone 
(Kruse et al. 1994) and Gum Ridge Formation (Randal & 
Brown 1969). In the Katherine region, palaeontological 
evidence indicates that the unconformably overlying 
Tindall Limestone was laid down in the late Ordian and 
D 
Western AIISii'alin 
Antrim Plateau Volcanics 
(outcrop extent) 
King Leopold and Halls Creek Orogenic belts 
- - - Possible original extent of Antrim Plateau Volcanics 
early Templetonian stages of the Middle Cambrian (Kruse 
et al. 1994). 
Previous radiometric dating of Antrim Plateau 
Volcanics by the K-Ar method has not produced consistent 
results, yielding ages that ranged from 402 :!: 10 Ma to 
515 :+:: 10 Ma [Webb & Lowder 1972; Bultitude 1976 (recalcu-
lated using the decay constants of Steiger & Jager 1977 and 
<WK= 0.01167 atom%)]. For the Helen Springs and Nutwood 
Downs Volcanics, Bultitude (1972) obtained K-Ar ages of 
508 :+:: 12 Ma and 519 :!: 12 Ma, respectively (recalculated 
using the decay constants of Steiger & Jager 1977 and 
4°K = 0.01167 atom%). Thirty years ago, however, the older 
K-Ar dates of ca 510 Ma were assigned to the Late 
Cambrian, which was inconsistent with known strati-
graphic constraints for the Antrim Plateau Volcanics 
(Bultitude 1972), so the results were considered to be 
inaccurate. Since that time, however, the Cambrian time-
scale has been redefined (Compston et al. 1992; Young & 
Laurie 1996). Recent Ar-Ar dating of plagioclase separates 
have yielded an Ordovician age of 475 :!: 2 Ma (S-S. Sun pers. 
comm. 1998). However, this is thought to be a minimum age 
reflecting argon loss during a younger tectonothermal 
event (S-S. Sun pers. comm. 1998). A similar K-Ar date of 
484 :!: 4 Ma was obtained for the Table Hill Volcanics 
from the Officer Basin (Nelson 1999; Stevens & Apak 1999). 
This contrasts with a previous Rb-Sr isochron age of 
575:!: 40 Ma obtained by Compston (1974). A Rb-Sr isochron 
age of 580 Ma with an initial 87Sr/ 86Srof 0.708 was obtained 
for whole rocks and mineral separates from Antrim Plateau 
0 
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Figure 1 Northern Australia, showing the outcrop extent of the Antrim Plateau Volcanics, possible original extent, orogenic belts in 
the Kimberley and the Milliwindi dolerite. 
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Figure 2 Stratigraphic sections 
for the Antrim Plateau Volcanics 
and correlated units. 
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Proterozoic 
Volcanics, but this was not considered to be reliable (R. W 
Page pers. comm. 1999). Lastly; Pidgeon et al. (1989) 
documented a U-Pb age of 804 ± 5 Ma and a fission track 
age of 510 ± 30 Ma for zircon xenocrysts from the Pteropus 
Creek kimberlite pipe (Jaques et al. 1986) in the north 
Kimberley region. They suggested the latter date might be 
related to the extrusion of the Antrim Plateau Volcanics 
during the Cambrian. 
D 
Antrim Plateau Volcanics 
(outcrop extent) 
King Leopold lind Hans Creek 
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Figure 3 Simplified map showing locations for the Milliwindi 
and Mt Ramsay dolerites, Carson Volcanics, Hart and Revolver 
Creek dolerites and Pteropus Creek Kimberlite. 
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In this study; we present new geochronological, petro-
graphic and geochemical data that establish a genetic link 
between the -250 km-long Milliwindi dolerite dyke in the 
west Kimberley Lennard River region (Figure 3) and the 
Antrim Plateau Volcanics of the east Kimberley and 
Northern Territory. We report a SHRIMP U-Pb zircon age 
for the Milliwindi dolerite and discuss the possibility that 
the dyke is an intrusive feeder for the tholeiitic Antrim 
Plateau Volcanics. To investigate these relationships 
further, geochemical data for the Antrim Plateau Volcanics, 
Milliwindi dolerite and Mt Ramsay dolerite are compared 
to each other and to additional geochemical data from 
relevant Australian mafic igneous provinces, including 
the Jurassic Tasmanian dolerite province, the Palaeo-
proterozoic Revolver Creek and Hart dolerites, and the 
Carson Volcanics, a Palaeoproterozoic basalt from the 
Kimberley Basin. 
Location and samples 
The Milliwindi dolerite is located in the southwest 
Kimberley region of Western Australia and cross-cuts 
Proterozoic rocks of the King Leopold Orogen (Griffm 
et al. 1993) (Figure 3). The dyke has discontinuous exposure, 
but is traceable for at least 200 km, trends to the northwest 
and is best observed near Bell Gorge on the Gibb River Road 
(Griffm et al. 1993). Magnetic data (Gunn & Meixner 1998) 
show that the Milliwindi dyke extends at least 70 km 
offshore at Collier Bay; north of Derby. The Milliwindi dyke 
is positively magnetised, similar to a number of other 
northwest-trending dykes that cut sedimentary rocks of the 
Kimberley Basin (Gunn & Meixner 1998). Sample MWD1 
was obtained from a fresh surface exposure of the 
Milliwindi dyke where it is cut by the Lennard River 
(GR 746500E, 8100100N). 
Petrographically; the Milliwindi dyke is a coarse-
grained equigranular dolerite containing primary plagio-
clase (- Anro), augite, pigeonite and accessory ilmenite and 
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apatite. Pigeonite occurs both as a primary phase and as 
exsolution lamellae in host augite. Interstices contain 
late-crystallising potassic and sodic feldspar, quartz, biotite, 
zircon and baddeleyite (Figure 4). Scanning electron 
microscope observations (Figure 4) indicate that zircon 
crystallised in association with felsic, hydrous, late-
crystallising liquid differentiates. Biotite and clinopy-
roxene are partially replaced by secondary chlorite and 
amphibole, respectively: Electron microprobe analyses of 
constituent phases were obtained with a JEOL 6400 
analytical SEM operating at 15 kV and 3 nA specimen 
current using the Oxford ISIS data-reduction package. 
Mineral analyses of the representative phases are listed in 
Table 1. 
Representative basalt samples from the Antrim Plateau 
Volcanics were collected from the Kimberley region in 
Western Australia, and the Northern Territory, including 
samples from the Victoria River and Daly River regions and 
the eastern Northern Territory Peaker Piker Volcanics. 
Geochemical data for the Tasmanian dolerites were taken 
from Hergt (1987). In the Kimberley region, representative 
rock specimens of the Hart Dolerite (99LR004: GR 731994E, 
8107001N), the Mt Ramsay dolerite (99MR001: GR 311130E, 
7947223N) and the Carson Volcanics (99KG002: GR 311130E, 
7947223N) were collected (Figure 3). 
SHRIMP GEOCHRONOLOGY 
Methods 
Sixty zircon crystals and crystal fragments were separated, 
using conventional magnetic and density techniques, from 
- 450 g of sample. Zircons range in length from 100 to 
300 ,.,..m, and have length to width ratios between 2:1 and 3:1. 
The zircons were cast in an epoxy mount, which was then 
polished to expose the interior of the crystals. The zircons 
were examined and documented in transmitted and 
reflected light. All are similar in appearance; most are 
euhedral, colourless and transparent, and some are 
variably cracked. Concentric growth zones are visible in 
most crystals, and several contain irregular cavities or 
central channels. The mount was sputter-coated with gold 
and placed in the SHRIMP sample lock to pump down to 
high vacuum overnight prior to analysis. 
U-Th-Pb measurements were conducted using the 
SHRIMP II ion microprobe in Perth, Western Australia. 
U-Th- Pb ratios and absolute abundances were determined 
relative to the CZ3 standard zircon [206Pb/ 238U = 0.09143 
(564 Ma), 550 ppm 238U], analyses of which were inter-
spersed with those of unknown grains, using standard 
operating and data processing procedures prescribed by 
Compston et al. (1984, 1992) and Claoue-Long et al. (1995). 
Measured compositions were corrected for common Pb 
using non-radiogenic 204Pb. In all cases corrections were 
sufficiently small to be insensitive to the choice of common 
Pb composition and an average crustal composition appro-
priate to the age of the mineral was assumed. Prior to 
analysis, each site was cleaned thoroughly by rastering the 
primary ion beam over the area for three minutes. 
Subsequently 204Pb counts for most analyses remained low 
and constant and showed no tendency to decrease over the 
course of a 20-minute analysis, suggesting that common Pb 
in these zircons is mainly inherent to the mineral rather 
than surface-related. 
Results and discussion 
Sixteen analyses were conducted on 16 Milliwindi dyke 
zircons during a single analytical session. The proportion 
of common to total 206Pb (!206 in Table 2) is less than 0.03% 
for all but two of 16 analyses, which range up to 0.08% . The 
zircons are highly enriched in 238U and 232Th. Concentration 
of 238U ranges from 270 to 1920 ppm, with a mean of 850 ppm. 
232Th/ 238U ratios range from 1.4 to 3.1, with a mean of 2.0, 
Figure 4 SEM micrograph show-
ing the region of late-crystallising 
phases of the Milliwindi dolerite. 
Pg, plagioclase; Bt, biotite; Ch, 
chlorite; Qz, quartz; Ap, apatite; 
Zc, zircon. 
and are correlated positively with 238U. 232Th concentrations 
range up to 5850 ppm. 
The 207Pb*/ 206Pb* ratios (Pb* denotes radiogenic Pb) 
measured in 16 zircons agree to within error (MSWD = 0.4) 
and form a single, normally distributed population with 
a mean of 0.057545 ± 0.000144, equivalent to an age of 
512.5 ± 5.5 Ma (1<r). The low dispersion of the results indi-
cates that the crystals have experienced no significant 
loss of radiogenic Pb, (or that Pb loss, if present, occurred 
recently). Corresponding 206Pb* / 238U ratios, however, are 
in part reversely discordant and dispersed beyond 
analytical precision, yielding ages ranging from 570 to 
510 Ma (Figure 5). Excellent correlation is observed between 
apparent 206Pb* / 238U age and 238U concentration (Figure 6), 
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and lower 206Pb* J238U ages are in agreement with the mean 
207Pb* f206Pb* age. These observations suggest either the 
presence of unsupported radiogenic Pb (Mattinson et al. 
1996), or enhanced sputtering of Pb relative to U due to 
radiation-induced microstructural changes (McLaren et al. 
1994). Regression of all data suggests that any isotopic 
disturbance was geologically recent (Figure 6). On this 
basis, the best estimate of the age of MWD1 zircons is 
the weighted mean 207Pb* / 206Pb* age of 513 ± 12 Ma (95% 
confidence interval). 
The homogeneous appearance and euhedral morph-
ology of the zircons and the single population of 
207Pb* / 206Pb* ages is consistent with zircon being a cognate 
crystallising product of the dolerite, rather than of 
Table 1 Representative mineral analyses of the Milliwindi dolerite. 
Mineral Plagioclase 
analysis no. X1 
Si02 54.18 
Ti02 
AI.Oa 28.62 
V20a 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P20 s 
Cl 
F 
Total 
Cations,O = 
Si 
Ti 
Al 
v 
Fe2+ 
Mn 
Mg 
Ca 
Na 
K 
p 
Cations 
F 
Cl 
Mg# 
Albite 
Anorthite 
Orthoclase 
Enstatite 
Ferrosilite 
Wollastonite 
0.88 
11.69 
4.73 
0.31 
100.41 
8 
2.449 
1.525 
0.033 
0.566 
0.414 
0.018 
5.005 
41.5 
56.7 
1.8 
Augite 
D2 
51.14 
0.85 
1.52 
17.56 
11.79 
16.83 
0.35 
100.05 
6 
1.956 
0.024 
0.069 
0.562 
0.672 
0.69 
0.026 
3.998 
54.5 
34.9 
29.2 
35.9 
Pigeonite 
G1 
50.88 
0.34 
0.83 
28.78 
0.70 
12.17 
5.71 
0.28 
99.69 
6 
1.996 
0.010 
0.038 
0.944 
0.023 
0.712 
0.24 
0.021 
3.985 
43.0 
37.5 
49.8 
12.7 
Ilmenite 
X2 
52.08 
0.61 
44.52 
2.19 
99.69 
3 
0.996 
0.01 
0.946 
0.047 
1.999 
Apatite 
A4 
0.49 
54.81 
43.07 
0.15 
3.07 
98.67 
25 
0.08 
9.21 
5.72 
15.01 
1.23 
0.06 
K-feldspar Na-feldspar Amphibole 
H3 H2 C3 
63.31 58.74 45.14 
1.07 
18.11 24.7 7.4 
0.51 
0.71 
15.5 
98.14 
8 
2.986 
1.007 
0.02 
0.065 
0.933 
5.010 
6.5 
0.0 
93.5 
0.37 
7.18 
6.85 
0.59 
98.43 
8 
2.667 
1.322 
0.014 
0.349 
0.603 
0.034 
4.990 
61.1 
35.4 
3.5 
22.17 
8.06 
10.78 
1.3 
1.11 
0.30 
97.03 
23 
6.954 
0.124 
1.344 
2.856 
1.851 
1.779 
0.388 
0.218 
15.593 
0.078 
39.3 
Biotite 
E2 
36.39 
4.6 
12.8 
26.9 
6.61 
0.17 
9.43 
0.46 
96.90 
22 
5.668 
0.539 
2.35 
3.504 
1.535 
0.051 
1.874 
15.642 
0.121 
30.5 
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xenocrystic origin. In addition, the high values and 
large range in 238U and 232Th concentrations and 
232Thf238U ratios are typical of igneous zircons from 
dolerite intrusions (Lanyon et al. 1993; Wingate et al. 
1998) and indicate that zircon was a primary late-
crystallising phase, in agreement with petrographic 
observations. The irregular cavities and central channels 
observed in several crystals are indicative of very 
rapid crystallisation (Lofgren 1980). The evidence indicates 
that all zircons formed during dyke crystallisation, 
hence the age of the Milliwindi dyke is interpreted to be 
513 ::':: 12Ma. 
GEOCHEMISTRY 
Methods 
Rock samples were crushed in a hydraulic press and then 
pulverised in an alumina mill to minimise contamination. 
Major element contents were measured by X-ray fluor-
escence (XRF) at the Department of Geology; Australian 
National University. For trace-element analyses, the laser-
ablation Inductively Coupled Plasma-Mass Spectrometry 
(ICP-MS) method of Ballard et al. (1998) was adopted. Glass 
beads were prepared using one-third LiBO, flux and 
two-thirds basalt, which were melted under an argon 
Table 2 Ion microprobe analytical data for zircons from sample MWDL 
Grain 23su Th/ U !200 206Pb* /238U 207Pb* / 206Pb* 200Pb * /238U 207Pb* /200Fb* 
area (ppm) (%) (:!: 10') (::':: 10') age(Ma:t 10') age(Ma :!: 10') 
3.1 1022 2.27 0.026 0.08816 ::':: 0.00064 0.05718 ::':: 0.00055 544.7 ::':: 3.8 498.7 ::':: 21.1 
4.1 1076 2.30 0.031 0.08841 ::':: 0.00071 0.05721 ::':: 0.00048 546.1 ::':: 4.2 499.8 ::':: 18.4 
5.1 1060 2.35 0.0003 0.08596 ::':: 0.00044 0.05815 ::':: 0.00042 531.6 ::':: 2.6 535.5 ::':: 15.9 
6.1 737 1.94 0.0004 0.08643 ::':: 0.00057 0.05787 ::':: 0.00050 534.4 ::':: 3.4 524.8 ::':: 18.8 
7.1 496 1.94 O.Oll 0.08469 ::':: 0.00052 0.05744 ::':: 0.00081 524.0 ::':: 3.1 508.6 ::':: 30.5 
8.1 592 1.72 0.013 0.08555 ::':: 0.00052 0.05755 ::':: 0.00086 529.2 ::':: 3.1 512.5 ::':: 32.4 
9.1 1920 3.05 0.0071 0.09238 ::':: 0.00081 0.05717 ::':: 0.00046 569.6 ::':: 4.8 498.0 ::':: 17.7 
10.1 3ll 1.83 0.0010 0.08329 ::':: 0.00053 0.05754 :!:: 0.00095 515.7 ::':: 3.1 512.4 ::':: 35.8 
11.1 ll20 2.31 0.0003 0.08429 ::':: 0.00037 0.05778 ::':: 0.00045 521.7 ::':: 2.2 521.4 ::':: 16.9 
12.1 1090 2.48 0.0078 0.08784 ::':: 0.00061 0.05790 ::':: 0.00055 542.7 ::':: 3.6 526.0 ::':: 20.7 
13.1 938 2.06 0.0003 0.08574 ::':: 0.00050 0.05750 ::':: 0.00054 530.3 ::':: 3.0 510.9 ::':: 20.4 
14.1 849 1.91 0.016 0.08727 ::':: 0.00062 0.05732 ::':: 0.00060 539.4 ::':: 3.7 503.9 ::':: 22.9 
15.1 337 1.29 0.083 0.08333 ::':: 0.00075 0.05736 ::':: 0.00102 515.9 ::':: 4.4 505.5 ::':: 38.5 
16.1 865 1.91 0.0032 0.08705 ::':: 0.00077 0.05739 ::':: 0.00049 538.1 ::':: 4.6 500.5 ::':: 18.8 
17.1 638 1.64 0.020 0.08589 ::':: 0.00078 0.05741 ::':: 0.00061 531.2 ::':: 4.6 507.3 ::':: 23.5 
18.1 270 1.39 0.071 0.08235 ::':: 0.00071 0.05633 ::':: 0.00154 510.1 ::':: 4.2 465.5 ::':: 59.6 
Analyses are listed in the order in which they were conducted. !206 is the fraction of common 206!'b in total measured 206Pb. Pb* denotes 
radiogenic Pb. 
0.060 
0.058 
0.056 
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Figure 5 U- Pb evolution diagram 
showing analytical data for Milli-
windi dyke MWD1 zircons. 
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Table 3 Comparative geochemical data for selected Australian flood basalts and dolerites. 
Milliwindi E Kimberley 
dolerite Antrim (av) 
SiO, 
TiO, 
AJ,Oa 
FeO, 
MnO 
MgO 
CaO 
Na,O 
K, O 
P,Os 
LOI 
Total 
Mg#(0.15) 
52.95 
1.04 
14.79 
9.46 
0.16 
6.53 
9.73 
2.16 
1.25 
0.12 
1.48 
99.67 
58.6 
Trace elements (ppm) 
Sc 33.9 
v 235.8 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
Ratios 
Nb/La 
Ba/Nb 
Ba/Rb 
Zr/ Y 
Ti/ Y 
108.8 
19.2 
64.5 
164.5 
27.9 
139.2 
5.7 
2.0 
250.3 
18.13 
38.07 
4.57 
18.24 
4.14 
1.12 
4.38 
0.73 
4.60 
0.97 
2.73 
2.66 
0.40 
3.63 
0.34 
10.1 
6.4 
1.15 
0.31 
43.9 
3.9 
5.0 
243 
n=21 
52.58:!: 1.38 
1.07:!: 0.21 
14.83:!: 0.73 
9.44:!: 1.02 
0.17:!:0.17 
6.45:!: 1.10 
8.66:!: 1.39 
2.76:!: 0.24 
1.48:!: 0.42 
0.12:!: 0.03 
1.90±0.73 
99.46:!: 0.60 
57.8:!: 6.1 
34.7:!: 3.3 
246.1:!: 29.7 
34.9:!: 22.2 
16.6:!: 1.4 
54.8:!: 22.1 
170.9:!: 5.4 
27.9:!: 7.1 
126.3:!: 39.1 
6.8 :!:3.3 
1.5:!: 0.6 
232.2:!: 56.3 
17.27:!: 6.01 
36.45 :!: 12.23 
4.40:!: 1.42 
17.66:!: 5.28 
4.09:!: 1.14 
1.10:!: 0.27 
4.29:!: 1.10 
0.72:!: 0.19 
4.51:!: 1.17 
0.95:!: 0.25 
2.66:!: 0.69 
2.55:!: 0.65 
0.39:!: 0.10 
3.21:!: 0.95 
0.44:!: 0.20 
7.4:!: 2.6 
6.3:!: 2.1 
0.99:!: 0.51 
0.39:!: 0.06 
35.8:!: 7.7 
4.5:!: 1.6 
4.5:!: 0.5 
234:!: 18 
NT Antrim 
basalt (av) 
n= 12 
52.24:!: 0.94 
1.09:!: 0.28 
14.75:!: 0.75 
9.72:!: 1.36 
0.16:!: 0.03 
6.51:!: 1.22 
8.97:!: 1.85 
2.61:!: 1.25 
1.20:!: 0.63 
0.11:!: 0.04 
1.95:!: 0.94 
99.32:!: 0.94 
57.2:!: 7.7 
36.4:!: 3.5 
264.1:!: 61.9 
55.0:!: 49.1 
17.2:!: 2.2 
47.3:!: 26.0 
152.6:!: 34.0 
27.0:!: 8.7 
114.1:!: 47.4 
6.3:!: 3.3 
1.5:!: 0.7 
198.5:!: 74.7 
15.18:!: 6.06 
31.24 :!: 12.62 
3.86:!: 1.53 
15.65:!: 6.01 
3.76:!: 1.37 
1.05:!: 0.32 
4.03:!: 1.36 
0.70:!: 0.22 
4.35:!: 1.43 
0.92:!: 0.30 
2.58:!: 0.84 
2.52:!: 0.80 
0.38:!: 0.12 
2.90:!: 1.21 
0.41:!: 0.20 
6.4:!: 6.0 
5.9:!: 2.6 
0.97:!: 0.50 
0.42:!: O.G7 
32.6:!: 7.6 
4.3:!: 1.1 
4.2:!: 0.5 
243:!: 38 
Data for Tasmanian dolerite chilled margins (from Hergt 1987). 
Mg# = (100Mg/ Mg + Fe2• ) for Fe20 a!Fe0 = 0.15. 
Mt Ramsay Revolver Ck 
dolerite dolerite 
53.69 
0.97 
15.45 
8.88 
0.14 
5.93 
8.70 
2.46 
1.17 
0.15 
1.79 
99.33 
57.8 
29.0 
169.3 
59.5 
16.2 
52.5 
150.2 
30.0 
126.1 
9.1 
2.3 
218.2 
22.9 
46.34 
5.46 
21.20 
4.49 
1.09 
4.55 
0.77 
4.79 
1.01 
2.89 
2.83 
0.44 
3.35 
0.68 
8.0 
10.6 
2.69 
0.40 
24.0 
4.2 
4.2 
193 
51.97 
1.23 
15.10 
9.72 
0.17 
6.14 
8.86 
2.08 
1.31 
0.14 
2.67 
99.39 
54.9 
40.2 
312.9 
114.6 
19.1 
30.0 
157.8 
28.3 
108.9 
6.3 
1.2 
320.1 
15.01 
33.56 
4.40 
18.52 
4.42 
1.31 
4.59 
0.75 
4.63 
0.98 
2.68 
0.40 
0.40 
2.81 
0.36 
6.0 
2.3 
0.55 
0.42 
50.7 
10.7 
3.9 
316 
Tasmanian Carson Hart 
dolerite (av) Volcanics Dolerite 
n=36 
54.98:!: 0.49 
0.65:!: 0.02 
14.84:!: 0.12 
8.91:!: 0.13 
0.18:!: 0.01 
6.72:!: 0.22 
10.69:!: 0.42 
2.00:!: 0.19 
0.89:!: 0.12 
0.09:!: 0.01 
99.95 
60.7:!: 2.2 
41.3:!: 0.9 
225.0:!: 6.5 
74 :!:4.6 
16.4:!: 0.6 
33.0:!: 5.1 
135.0:!: 20.9 
20.0:!: 0.5 
95.0:!: 3.1 
4.5:!: 0.4 
217.0:!: 32.8 
10.90:!: 0.27 
24.40:!: 0.95 
12.40:!: 0.60 
3.07:!: 0.09 
0.83:!: 0.03 
3.10:!: 0.18 
0.57:!: 0.03 
0.82:!: 0.06 
2.36:!: 0.08 
0.36:!: 0.01 
1.90:!: 0.11 
6.0:!: 0.65 
3.5:!: 0.16 
1.10:!: 0.18 
0.41:!: 0.04 
48.2:!: 8.3 
6.6:!: 1.4 
4.8:!: 0.2 
192:!: 7 
55.39 
1.35 
13.94 
11.17 
0.17 
4.05 
5.15 
5.39 
0.58 
0.18 
2.02 
99.38 
42.7 
36.7 
274.4 
70.5 
18.9 
18.8 
131.6 
33.4 
169.1 
8.3 
1.7 
275.0 
16.2 
41.78 
5.59 
23.78 
5.41 
1.32 
5.46 
0.91 
5.58 
1.17 
3.30 
3.14 
0.49 
4.47 
0.50 
4.0 
4.4 
1.08 
0.51 
33.1 
14.6 
5.1 
134 
51.55 
1.14 
15.28 
11.38 
0.18 
4.54 
9.96 
2.57 
1.12 
0.11 
1.67 
99.49 
45.0 
37.6 
223.4 
167.9 
18.5 
34.1 
191.2 
22.0 
94.4 
4.3 
1.1 
254.4 
12.0 
25.78 
3.30 
13.86 
3.24 
1.06 
3.33 
0.55 
3.47 
0.72 
2.03 
1.96 
0.31 
2.33 
0.25 
4.0 
2.1 
0.57 
0.36 
59.5 
7.5 
4.3 
310 
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atmosphere at 1200°C in an elevator furnace, then quenched 
in water. The samples were mounted in epoxy resin, 
polished, then analysed using an ArF UV Excimer laser 
system (193 nm wavelength) coupled to a modified VG 
PQ + quadrupole ICPMS at the Research School of Earth 
Sciences, Australian National University. The NIST612 
glass reference material was used as an internal standard 
and analysed once every eight unknowns. Trace-element 
concentrations were normalised to CaO wt%, determined 
by XRF. The typical uncertainty relative to three inter-
national standards (BHV0-1, BCR-1 and NIM-N) and one 
in-house standard (K-BAS) is:!: 5% . 
Results and discussion 
Major and trace-element data for the Antrim Plateau 
Volcanics (including averaged values for 18 Antrim basalts 
from the Northern Territory and seven in the east 
Kimberley), the Milliwindi and Mt Ramsay dykes, the 
Tasmanian dolerite, the Carson Volcanics and the Hart 
Dolerite are provided in Table 3. Trace-element geochemi-
cal patterns for these samples are compared in Figure 7a-h 
in the form of NMORB (normal mid-ocean ridge basalt)-
normalised element abundance diagrams, after Pearce 
(1982, 1983). 
The Antrim Plateau Volcanics and stratigraphic equiv-
alents are quartz to olivine normative low-Ti tholeiites with 
MgO contents ranging from 4 to 9 wt%. For equivalent MgO 
contents, they show remarkably uniform major and trace-
element abundances across the province (L. M. Hanley 
unpubl. data). Typical mineral phases include primary 
plagioclase, augite, pigeonite and accessory ilmenite and 
apatite, hence the basalts are mineralogically similar to the 
Milliwindi dolerite. In the element abundance patterns 
shown in Figure 7, the most primitive and most fraction-
ated basalts delineate the shaded area of the NMORB-
normalised plots. The abundance ratios between adjacent 
elements do not change significantly between the least and 
most fractionated samples, implying that fractionation does 
not significantly alter the overall element abundance 
pattern. To consider the possible effects of alteration and 
the mobility of the more incompatible elements, Sr, Rb, K, 
Ba and also the major elements Ca and Na (not shown), 
23su;2ospb* age (Ma) 
570 
560 
550 
540 
530 
520 
510 IJ 
0 
D 
500 
D 
IJ 
IJ 
IJ 
IJ IJ 
IJ 
23su (ppm) 
1000 1500 2000 
Figure 6 Correlation between 206Pb* f238U age and 238U concen-
tration measured in Milliwindi dyke MWD1 zircons. 
two extremely altered (hematised and chloritised) 
Antrim Plateau rocks were analysed for comparison with 
petrographically fresh Antrim basalt. Rb and Ba are 
little affected, whereas Ca and Sr decrease, and Na and 
K increase, during alteration. Other trace elements are 
essentially unaffected (Figure 7d). 
The basalts of the Antrim Plateau Volcanics exhibit 
depletion in high field strength elements (HFSE: Ti, Nb, Ta 
and P), relative to the incompatible elements (K, Rb, Ba, Th 
and LREE). Depletion in the HFSE is observed in other low-
Ti basalt and dolerite provinces, including the Jurassic 
Tasmanian dolerites, Ferrar dolerites (Hergt et al. 1989), 
Parana- Etendeka basalts (Gibson et al. 1995), and Karoo 
basalts (Sweeney et al. 1994). As well as HFSE depletion, the 
Antrim Plateau Volcanics are characterised by elevated Rb, 
Th ( -30 fold) and Ba ( - 12 fold) giving a characteristic 'M' 
signature relative to NMORB (Figure 7a-h). This signature 
is similar to average post-Archaean terrigenous shale 
(PATS: Taylor & McLennan 1985) (Figure 7[), and may have 
been acquired by the Antrim Plateau Volcanics via crustal 
contamination processes (Antonini et al. 1999) or by prior 
enrichment of the mantle source region (Hergt et al. 1989). 
A detailed study of the petrogenesis of the Antrim Plateau 
Volcanics will be the topic of a later paper. 
As shown in Figure 7a and Table 3, the Milliwindi dyke 
and the Antrim Plateau Volcanics are geochemically indis-
tinguishable within analytical precision. Furthermore, 
they have specific geochemical features that are signifi-
cantly different from those of other low-Ti mafic magmas, 
i.e. the Tasmanian, Revolver Creek and Hart dolerites, and 
the Carson Volcanics. This is apparent when the data are 
plotted on Rb/ Ba us Ti/ Y and Th/ Nb us Ti/ P20s discrimi-
nant diagrams (Figure 8). These ratios were selected from 
Figure 7 to maximise the separation between the different 
mafic rocks, while minimising the effects of crystal frac-
tionation. Average NMORB, EM ORB (enriched mid-ocean 
ridge basalt), OIB (oceanic island basalt), and primitive 
mantle (PM) compositions from Sun and McDonough (1989) 
and PATS are also plotted for comparison. Figure 8 shows 
that the Antrim Plateau Volcanics and Tasmanian dolerites 
cluster into distinct fields, which are closer to the Post-
Archaean Terrigenous Shale (PATS) composition than to 
NMORB or EMORB. In both discriminant diagrams the 
Milliwindi dolerite plots in the centre of the fields for the 
Antrim Plateau Volcanics, confirming that these rocks are 
closely related. In contrast to the Antrim Plateau Volcanics, 
the Revolver Creek dolerite and the Carson Volcanics 
show considerable enrichment in Ba relative to Rb and 
lower Th/ Nb. In addition, the HFSE (Zr, Hf and Ti) and 
HREE have different abundances for the Carson Volcanics 
and the Hart Dolerite (Figure 7b, g), even though the 
MgO wt% values are similar. This suggests the Carson 
------------------------------------------~ 
Figure 7 N-MORB normalised element abundance diagrams 
(normalising values from Pearce (1982, 1983). Stippled area 
represents 4-9 wt% MgO range for the Antrim Plateau Volcanics. 
All plots show Antrim Plateau Volcanics average values. (a) 
Milliwindi dolerite. (b) Hart Dolerite. (c) Mt Ramsay dolerite. 
(d) Antrim Plateau Volcanics altered basalts. (e) Revolver Creek 
dolerite. (f) Post-Archaean terrigenous shale. (g) Carson 
Volcanics. (h) Tasmanian dolerite (chilled margin) (data from 
Hergt 1987). 
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Figure 8 Trace-element discrimination plots. (a) Ti/ Yvs Ba/ Rb. (b) Ti/ P20 s vsTh/Nb. Data for primitive mantle (PM), NMORB, EM ORB 
and OIB are from Sun & McDonough (1989). 
Volcanics and the Hart Dolerite are not genetically related. 
Relative to the Antrim Plateau Volcanics, the Tasmanian 
dolerites are more depleted in the HREE and HFSE and 
have different Rb/ Ba and Th/ Ba ratios. 
DISCUSSION AND CONCLUSIONS 
The Milliwindi dyke is geochemically indistinguishable 
from the Antrim Plateau Volcanics within analytical 
uncertainty and is distinct from other Australian flood 
basalt and dolerite provinces. We propose, therefore, that 
the dolerite represents an intrusive phase of the Antrim 
Plateau Volcanics. The zircon 207Pb*/ 206Pb* age of 513 :<:: 12 
Ma obtained for the Milliwindi dyke thus represents 
the first reliable radiometric age determination for the 
Antrim Plateau Volcanics and is consistent with known 
stratigraphic constraints. Although not considered correct 
at the time, earlier K-Ar ages of ca 510 Ma obtained 
by Bultitude (1972), are also consistent with stratigraphy, 
as changes to the Cambrian time-scale now place the 
Early Cambrian-Middle Cambrian boundary at 509 Ma 
(Compston et al. 1992; Young & Laurie 1996). Geochrono-
logical studies of continental flood-basalt provinces world-
wide indicate that eruption periods span relatively short 
time intervals, often 2-5 million years (White & Mackenzie 
1989; Courtillot et al. 1999), hence we consider the zircon age 
to bracket the main eruptive event. 
The Milliwindi dolerite was probably a feeder 
dyke for Antrim Plateau Volcanics in the west Kimberley, 
which have since been eroded. The location of this dyke 
increases the probable areal extent of the Antrim Plateau 
Volcanics westwards by - 400 km, overlying the King 
Leopold Orogen and the western Kimberley Basin. Further 
evidence that the Antrim Plateau Volcanics may have once 
covered at least part of the Kimberley Basin is provided by 
a 510 Ma zircon fission track age from the Pteropus Creek 
kimberlite pipe (Pidgeon et al. 1989), which probably dates 
uplift and denudation associated with the eruptive event. 
The Antrim Plateau Volcanics may have been eroded 
subsequent to uplift of the Kimberley block (relative to the 
Halls Creek Orogen) during the Phanerozoic (Plumb & 
Gemuts 1976). This provides an explanation for the 
truncated distribution of the Antrim Plateau Volcanics 
against reactivated faults in the Halls Creek Orogen. 
Furthermore, the new age places a minimum age con-
straint on the timing of the ca 560 Ma King Leopold 
Orogeny (Shaw et al. 1992). 
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Appendix IV: Major & Trace Element Analytical Methods and Results 
APPENDIX IV: MAJOR & TRACE ELEMENT ANALYTICAL METHODS 
AND RESULTS 
AIV.l: Methods 
Rock samples were initially cleaned of weathered, external surfaces using a rock saw. Residual 
metal from the saw was removed using a diamond wheel. The samples were then crushed on a 
hydraulic press to ~0.5 em pieces. Approximately 40 grams of sample was crushed in an 
alumina oxide mill for approximately 25 to 30 minutes. The alumina oxide mill was used in 
preference to a tungsten carbide mill as the latter results in elevated Ta and Co levels. 
The rock powders were weighed accurately to 0.6 grams and mixed with 0.3 grams of Lithium 
metaborate (LiB02) flux. The flux is essential as it has a lower melting point than a basalt 
(~845°C for LiB02 compared to ~1200°C for a basalt) and has the effect of lowing the powder 
solidus so complete melting can occur at a lower temperature. The basalt-flux sample is well 
mixed prior to loading into a 1 em graphite crucible. The crucibles were placed into a box 
furnace and brought up to an initial temperature of 600°C for 30 minutes to drive off volatiles. 
The crucibles were placed under pyrophyllite cover. The furnace was then heated to 800°C for 
~ 10 minutes under argon gas, then to 1200°C for ~20 minutes. The molten samples were then 
quenched in water. The glass beads were immediately removed from the crucibles, put in open 
glass vials then placed in an ~200°C oven to reduce the possibility of element mobilisation 
associated with residual water. Once the glass beads had dried, they were mounted in epoxy 
resin and polished down to reveal the glass surface. The epoxy resin mounts were put in a 
beaker containing RBS concentrated cleaner and placed in an ultrasonic bath for ~ 15 minutes. 
The mount surface was cleaned thoroughly with ethanol. 
Major elements plus Cr, Ni, S and Pb were measured from the powders by X-ray fluorescence 
(XRF) at the Department of Geology, the Australian National University. Trace elements were 
determined by laser ablation on the glass fusion beads using an ArF UV excimer laser system 
coupled to an Agilent 7500s quadrupole ICPMS at the Research School of Earth Sciences, the 
Australian National University. The laser is a Lambda Physik LPX 120i (193 nm wavelength) 
ArF excimer laser with an aperture imaging optical system at 20-1 demagnification. 
The mounts were placed into a sample cell which is a custom-built helium atmosphere ablation 
cell with argon stratified flow. The laser was operated using 14 litres/minute of argon coolant 
gas, 1 litre/minute axillary gas, ~ 1 litre/minute argon carrier gas and 350 milli-litre/minute 
helium sample carrier gas. The plasma power was 1250 watts, reflected power ~5 watts and the 
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torch sampling depth 6.5 mm. The mixture Ar/He gas is transported to the plasma torch 
through a sample-smoothing device to smooth the pulse signal from the laser. The laser is run 
at 5 pulses/second and operated at 1 00 mJ. The laser pulse length is 25 nanoseconds. 
A spot diameter of 135[-lm was used. The power density was 3 mega watts per sq/cm. The area 
to be analysed was initially cleaned with two pulses from the laser to remove surface 
contaminants. 
The samples were analysed in batches of eight unknowns between the reference material 612 
NIST glass. For each batch, either BHVO or BCR-2G was analysed as one of the unknowns in 
order to monitor the accuracy of the results. The results for all samples are based on an average 
of six analyses. 
The isotopic run table included 31 P, 42Ca, 43Ca, 45Sc, 51 V, 59Co, 65Cu, 71Ga, 85Rb, 88Sr, 89Y, 90Zr, 
93Nb, li&Sn, 133Cs, 138Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 1s3Eu, 1s7Gd, 1s9Tb, 163Dy, 165Ho, 166Er, 
169Tm, 172Yb, 175Lu, 178Hf, 232Th and 138U. Samples were normalised to XRF calcium values. 
AIV.2: Major and Trace Element Results 
The results for alllCPMS geochemical analyses are presented in Table AIV. l. 
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Table A Vl.l: Laser-ICPMS results for Kalkarinji basalts and dolerites including the Boondawari 
dolerite and Table Hill Volcanics 
Sample AR002 AROIO AR017 AR021 AR033 AR038 AR047 AR051 AR062 BDOOl 
Name 
Si02 
TiO, 
Al 20 3 
Fe,OJ, 
FeOt 
MnO 
MgO 
CaO 
Na,o 
K20 
P20 5 
LOI 
Antrim 
Plateau 
Volcanics 
51.14 
0.72 
15.89 
8.54 
7.68 
0.17 
8.52 
10.71 
1.96 
0.94 
0.07 
1.75 
Total 99.55 
Mg#. l5 69.4 
Ti 4322 
p 292 
s 30 
K 7828 
Sc 33.1 
v 177 
Cr 368 
Ni 110 
Co 
Cu 8.7 
Ga 12.1 
Rb 33.8 
Sr 138.0 
y 18.2 
Z r 71.5 
Nb 3.0 
Sn 0.7 
Cs 0.72 
Ba 144 
La 8.61 
Ce 18.27 
Pr 2.28 
Nd 9.56 
Sm 2.42 
Eu 0.72 
Gd 2.71 
Tb 0.47 
Dy 2.93 
Ho 0.62 
Er 1.72 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
1.66 
0.25 
1.81 
0.21 
6.0 
3.4 
0.45 
Antrim Antrim 
Plateau Plateau 
Antrim 
Plateau 
Volcanics Volcanics Volcanics 
53 .11 47.15 49.51 
1.09 0.84 0. 71 
14.46 
10.36 
9.33 
0 .1 5 
6.33 
8.04 
2.44 
1.80 
0.13 
2.56 
99.43 
58.2 
6541 
559 
60 
14933 
35.6 
240 
86 
50 
44.2 
17.5 
70.4 
137.5 
33 .3 
143.6 
8.3 
1.8 
1.47 
245 
19.48 
39.79 
4.83 
19.46 
4.57 
1.18 
4.92 
0.84 
5.24 
1.11 
3.10 
2.94 
0.45 
3.64 
0.54 
8.0 
7.6 
1.41 
15.87 
7.50 
6.75 
0.1 0 
13.28 
0.49 
1.63 
5.43 
0.08 
8.05 
99.67 
80.1 
5024 
343 
10 
45103 
36.7 
207 
470 
130 
7.1 
12.1 
57.8 
51.6 
25.1 
97.3 
3.4 
0.9 
1.49 
136 
11.45 
25.70 
3.14 
12.99 
3.26 
0.85 
3.61 
0.62 
3.85 
0.82 
2.25 
2.03 
0.31 
2.43 
0.29 
16.0 
4.7 
0.89 
15.86 
9.25 
8.32 
0.10 
7.66 
11.16 
2.07 
0.63 
0.06 
3.23 
99.30 
65.3 
4250 
271 
30 
5196 
32.6 
179 
396 
110 
51.7 
14.6 
15.2 
150.5 
18.3 
69.1 
3.6 
0.9 
0.45 
128 
8.54 
18.49 
2.37 
10.02 
2.55 
0.79 
2.82 
0.49 
3.02 
0.65 
1.82 
1.76 
0.27 
1.88 
0.23 
4.0 
3.6 
0.43 
Antrim 
Plateau 
Volcanics 
50.82 
0.71 
15.89 
8.63 
7.76 
0.16 
8.32 
10.67 
1.98 
1.39 
0.07 
1.76 
99.52 
68.7 
4274 
297 
40 
11522 
32.3 
124 
383 
118 
6.1 
8.9 
50.5 
143.4 
17.9 
69.1 
2.2 
0.3 
0.73 
138 
9.63 
20.24 
2.51 
10.26 
2.53 
0.78 
2.70 
0.47 
2.91 
0.62 
1.72 
1.66 
0.26 
1.77 
0.21 
6.0 
3.6 
0.54 
Antrim 
Plateau 
Volcanics 
51.26 
0.75 
15.81 
7.72 
6.95 
0.19 
8.83 
10.88 
1.96 
0.79 
0.07 
2.08 
99.57 
72.3 
4466 
314 
50 
6549 
32.2 
142 
409 
142 
12.4 
10.1 
28.8 
140.3 
18.2 
72.2 
2.8 
0.4 
0.48 
132 
8.84 
19.38 
2.45 
10.22 
2.51 
0.72 
2.78 
0.48 
2.99 
0.63 
1.76 
1.72 
0.26 
1.83 
0.22 
10.0 
3.7 
0.52 
Antrim Antrim Antrim 
Plateau Plateau Plateau 
Volcanics Volcanics Volcanics 
52.68 49.67 53.22 
1.13 1.29 1.13 
14.63 
10.38 
9.34 
0.16 
6.44 
8.28 
2.48 
1.47 
0.13 
2.69 
99.41 
58.6 
6756 
572 
70 
12161 
36.3 
213 
90 
48 
7.2 
13.5 
55.2 
141.1 
31.3 
139.1 
7.8 
1.0 
1.02 
227 
20.37 
41.82 
5.13 
20.40 
4.79 
1.25 
4.91 
0.85 
5.14 
1.10 
3.02 
2.94 
0.45 
3.63 
0.58 
10.0 
7.9 
1.45 
15.65 
8.93 
8.03 
0.04 
9.73 
0.68 
0.34 
4.37 
0.15 
9.46 
99.41 
71.3 
7755 
642 
100 
36234 
46.5 
318 
96 
49 
141.8 
20.4 
162.1 
26.4 
35.6 
200.4 
12.1 
2.5 
5.75 
637 
23.95 
52.50 
6.17 
24.56 
5.63 
1.04 
5.81 
0.96 
5.84 
1.21 
3.38 
3.22 
0.50 
5.02 
0.77 
14.0 
10.7 
2.50 
14.44 
10.69 
9.62 
0.16 
6.36 
8.56 
2.40 
1.35 
0.13 
2.06 
99.43 
57.6 
6762 
572 
90 
11173 
35.7 
239 
88 
48 
32.4 
17.9 
58.3 
140.9 
32.1 
144.8 
8.4 
1.9 
0.95 
231 
19.49 
40.52 
4.90 
19.66 
4.57 
1.19 
4.83 
0.83 
5.19 
1.10 
3.04 
2.94 
0.45 
3.68 
0.55 
8.0 
7.7 
1.41 
Samples analysed by laser ablation-lCPMS at the Research School of Earth Sciences, ANU. 
Mg#. l5 = molar[lOO*Mg/(Mg+Fe2+)] for Fe20 i Fe0 = 0.15 
Savory 
Basin 
Dolerite 
52.03 
0.89 
14.67 
10.72 
9.65 
0.18 
6.87 
10.39 
2.15 
0.90 
0.11 
1.34 
99.16 
59.3 
5312 
489 
930 
7429 
38.9 
257 
85 
75 
42.2 
97.3 
16.4 
32.6 
188.6 
22.9 
96.9 
4.7 
1.1 
0.84 
237 
16.37 
32.50 
3.89 
15.33 
3.44 
0.99 
3.69 
0.60 
3.90 
0.83 
2.38 
0.34 
2.20 
0.33 
2.48 
0.33 
8.0 
4.7 
0.78 
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Sample 
Name 
SiO, 
Ti02 
AI,03 
Fe,O" 
FeOt 
MnO 
MgO 
CaO 
Na,o 
K20 
P,Os 
LOI 
Total 
Mg#.IS 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
CG002 
Antrim 
Plateau 
Volcanics 
51.65 
1.22 
14.43 
I 1.03 
9.92 
0.17 
6.61 
7.71 
3.20 
1.35 
0.13 
2.82 
99.22 
57.7 
7290 
580 
10 
11198 
39.7 
40 
62 
39 
43 .3 
60.8 
18.0 
50.2 
155.3 
29.0 
119.5 
6.0 
1.6 
0.61 
252 
17.44 
36.34 
4.40 
17.62 
4.23 
1.19 
4.60 
0.77 
4.97 
1.04 
2.92 
0.42 
2.70 
0.40 
3.02 
0.41 
23.0 
6.1 
0.92 
DL006 
Antrim 
Plateau 
Volcanics 
50.75 
1.05 
14.45 
I 1.06 
9.95 
0.15 
6.20 
6.71 
4.1 2 
2.22 
0.10 
3.31 
99.03 
56.1 
6289 
454 
20 
18461 
40.6 
269 
86 
54 
43.7 
27.7 
16.3 
65.9 
II 1.2 
24.8 
100.4 
4.9 
1.2 
6.31 
204 
13.79 
28.82 
3.53 
14.28 
3.47 
1.04 
3.91 
0.67 
4.29 
0.90 
2.53 
0.37 
2.42 
0.37 
2.59 
0.35 
24.0 
4.6 
0.76 
DROOl 
Antrim 
Plateau 
Volcanics 
51.38 
1.0 I 
15.07 
10.38 
9.34 
0.18 
6.06 
7.49 
4.43 
1.75 
0.1 0 
2.64 
99.44 
57.1 
6025 
449 
50 
14494 
37.6 
240 
80 
46 
27.9 
17.0 
57.0 
205.3 
23.1 
94.0 
5.0 
0.9 
5.21 
180 
11.96 
25.38 
3.17 
13.02 
3.26 
0.97 
3.41 
0.60 
3.74 
0.80 
2.22 
2.19 
0.33 
2.37 
0.32 
7.0 
4.0 
0.65 
DR021 
Antrim 
Plateau 
Volcanics 
51.56 
1.05 
15.16 
10.80 
9.72 
0.1 2 
6.69 
10.08 
2.27 
0.84 
0.11 
2.02 
99.60 
58.5 
6271 
458 
30 
6948 
40.7 
264 
124 
65 
43.6 
21.3 
17.4 
35.3 
162.8 
24.4 
95.1 
4.7 
1.6 
2.13 
186 
13.21 
27.80 
3.43 
13 .94 
3.49 
1.01 
3.92 
0.66 
4.23 
0.90 
2.56 
0.37 
2.39 
0.35 
2.46 
0.34 
8.0 
4.1 
0.68 
DXOOI 
Antrim 
Plateau 
Volcanics 
54.07 
1.31 
14.30 
10.80 
9.72 
0.21 
5.57 
8.22 
2.61 
1.29 
0.12 
1.88 
99.29 
54.0 
7823 
537 
80 
10683 
37.7 
316 
38 
44 
64.9 
17.7 
30.8 
152.9 
28.7 
121.8 
6.4 
1.6 
0.43 
195 
16.40 
32.92 
4.03 
16.44 
4.01 
1.16 
4.33 
0.75 
4.70 
0.99 
2.79 
2.72 
0.41 
3.15 
0.44 
6.0 
6.3 
1.08 
GD003 
Antrim 
Plateau 
Volcanics 
55.12 
1.62 
13.55 
13.51 
12. 15 
0.1 6 
3.02 
6.81 
2.55 
2.15 
0.16 
1.42 
98.71 
33.7 
9736 
711 
40 
17822 
35.8 
350 
21 
14 
24.7 
20.7 
109.4 
144.3 
38.8 
190.2 
I 1.4 
2.8 
1.67 
317 
29.30 
59.74 
7.03 
27.31 
5.99 
1.42 
6.01 
0.99 
6.1 8 
1.28 
3.61 
3.49 
0.53 
4.71 
0.75 
14.0 
12.5 
2.09 
GD008 
Antrim 
Plateau 
Volcanics 
51.31 
0.84 
14.96 
9.44 
8.49 
0.17 
7.74 
6.85 
3.65 
2.28 
0.09 
3.56 
99.94 
65.1 
5024 
375 
70 
18943 
34.8 
199 
264 
113 
27.4 
31.1 
13.2 
68.6 
178.9 
20.9 
88.4 
3.7 
1.0 
0.41 
246 
12.16 
25.28 
3.05 
12.19 
2.94 
0.82 
3.20 
0.55 
3.52 
0.75 
2.1 I 
0.31 
1.98 
0.29 
2.25 
0.28 
8.0 
4.6 
0.69 
Samples analysed by laser ablation-ICPMS at the Research School of Earth Sciences, ANU. 
Mg#.l5 =molar[ I OO*Mg/(Mg+Fe,.)] for Fe,03/Fe0 = 0.15 
GD009 
Antrim 
Plateau 
Volcanics 
52.94 
0.90 
14.83 
9.97 
8.97 
0.14 
6.62 
9.33 
2.35 
1.56 
0.10 
1.87 
99.62 
60.2 
5378 
423 
20 
12958 
38.0 
199 
134 
62 
22.7 
9.3 
13.5 
61.1 
138.2 
24.5 
104.0 
4.3 
0.9 
0.60 
211 
16.22 
33 .47 
4.01 
15 .93 
3.68 
1.02 
3.93 
0.66 
4.16 
0.88 
2.48 
0.36 
2.36 
0.35 
2.63 
0.35 
8.0 
6.8 
1.01 
GDOIO 
Antrim 
Plateau 
Volcanics 
52.92 
0.89 
14.92 
9.81 
8.83 
0. 18 
6.89 
7.79 
3.49 
1.76 
0.09 
1.52 
99.28 
61.5 
5348 
406 
40 
14626 
35.4 
228 
134 
60 
13.0 
15.9 
56.2 
155.7 
24.9 
107.0 
5.4 
1.5 
0.31 
202 
15.07 
31.15 
3.75 
15.00 
3.50 
0.92 
3.73 
0.63 
3.94 
0.83 
2.31 
2.23 
0.34 
2.72 
0.36 
6.0 
6.5 
0.92 
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Appendix IV: Major & Trace Element Analvtical Methods ami Results 
Sample 
Name 
GDOII 
Antrim 
Plateau 
GDOI2 
Antrim 
Plateau 
GDOI5 
Antrim 
Plateau 
GDOI6 
Antrim 
Plateau 
GDOI8 GD024 
Antrim 
Plateau 
GD025 
Antrim 
Plateau 
Volcanics Volcanics Volcanics Volcanics 
Antrim 
Plateau 
Volcanics Volcanics Volcanics 
Si02 
Ti02 
AhOJ 
Fe20 3, 
FeOt 
MnO 
MgO 
CaO 
Na20 
K20 
P20 s 
LOI 
Total 
Mg#.l5 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
52.68 
1.07 
14.62 
10.40 
9.36 
0.16 
6.79 
8.30 
3.00 
1.65 
0.12 
2.10 
99.85 
59.8 
6421 
502 
40 
13722 
39.8 
270 
117 
56 
41.5 
39.9 
17.1 
57.6 
174.6 
26.0 
116.7 
5.7 
1.5 
0.35 
255 
16.32 
33.82 
4.07 
16.06 
3.85 
1.05 
4.1 9 
0.69 
4.43 
0.94 
2.64 
0.38 
2.45 
0.37 
2.96 
0.40 
8.0 
5.6 
0.91 
53.71 
1.08 
14.75 
10.43 
9.38 
0.17 
6.36 
10.04 
2.16 
1.16 
0.12 
0.82 
99.74 
58.2 
6445 
511 
10 
9621 
39.4 
268 
124 
54 
41.2 
22.2 
17.4 
51.5 
154.4 
26.3 
116.6 
5.7 
1.7 
0.90 
217 
16.65 
34.01 
4.10 
16.24 
3.77 
1.08 
4.12 
0.70 
4.43 
0.94 
2.63 
0.38 
2.45 
0.36 
2.97 
0.39 
8.0 
5.6 
0.94 
52.36 
1.05 
14.60 
10.42 
9.38 
0.16 
6.59 
9.04 
2.74 
1.47 
0.11 
1.65 
99.15 
59.0 
6313 
497 
20 
12186 
39.6 
269 
126 
57 
41.6 
21.0 
17.7 
63.8 
167.5 
25.9 
115.7 
5.7 
1.6 
0.62 
239 
16.17 
33.55 
4.07 
16.01 
3.78 
1.06 
4.13 
0.70 
4.36 
0.93 
2.63 
0.38 
2.44 
0.37 
2.90 
0.39 
7.0 
5.5 
0.89 
53.71 
1.08 
14.75 
10.43 
9.38 
0.17 
6.36 
10.04 
2.16 
1.16 
0.12 
0.82 
99.74 
58.2 
6445 
511 
10 
9621 
39.4 
268 
124 
54 
41.2 
22.2 
17.4 
51.5 
154.4 
26.3 
116.6 
5.7 
1.7 
0.90 
217 
16.65 
34.01 
4.10 
16.24 
3.77 
1.08 
4.12 
0.70 
4.43 
0.94 
2.63 
0.38 
2.45 
0.36 
2.97 
0.39 
8.0 
5.6 
0.94 
54.18 
0.92 
14.98 
8.46 
7.61 
0.16 
5.60 
8.28 
2.74 
2 .1 2 
0.1 3 
2.71 
99.42 
60.1 
5491 
563 
100 
17598 
30.6 
177 
221 
56 
82.8 
16.9 
87.4 
179.5 
30.3 
152.3 
8.3 
2.1 
1.22 
332 
22.39 
45.10 
5.28 
20.62 
4.60 
1.14 
4.61 
0.76 
4.74 
0.98 
2.77 
2.65 
0.41 
3.72 
0.55 
14.0 
8.8 
1.69 
53.20 
1.24 
14.91 
11.14 
10.02 
0.18 
5.63 
8.68 
2.59 
1.49 
0.15 
1.24 
99.34 
53.5 
7458 
642 
330 
12402 
35.3 
265 
107 
50 
40.7 
34.3 
18.9 
58.8 
163.3 
30.6 
152.8 
7.3 
1.7 
0.62 
309 
20.71 
42.34 
5.12 
20.12 
4.66 
1.27 
4.90 
0.81 
5.20 
1.10 
3.07 
0.45 
2.85 
0.42 
3.76 
0.51 
10.0 
6.7 
1.04 
Samples analysed by laser ablation-ICPMS at the Research School of Earth Sciences, ANU. 
Mg# .l 5 =molar[! OO*Mg/(Mg+Fe2+)] for Fe20 3/Fe0 = 0. 15 
53.62 
1.43 
14.35 
11.76 
10.59 
0.17 
5. 13 
8.46 
2.54 
1.57 
0. 17 
1.28 
99.29 
49.8 
8591 
724 
90 
13024 
36.9 
292 
58 
39 
41.7 
36.3 
18.7 
62.4 
159.8 
34.4 
168.4 
8.2 
2.0 
0.66 
326 
22.56 
47.60 
5.73 
22.41 
5.20 
1.41 
5.51 
0.90 
5.86 
1.21 
3.45 
0.50 
3.22 
0.47 
4.22 
0.56 
14.0 
7.6 
1.19 
GD028 
Antrim 
Plateau 
Volcanics 
51.69 
1.41 
14.17 
11.38 
10.24 
0.14 
5.60 
9.59 
2.16 
1.41 
0.16 
2.99 
99.56 
52.9 
8471 
707 
50 
11671 
34.6 
281 
56 
34 
38.8 
18.8 
32.6 
170.4 
37.6 
188.3 
9.6 
2.1 
0.65 
326 
23 .57 
48.63 
5.87 
23.57 
5.40 
1.42 
5.71 
0.96 
5.94 
1.24 
3.48 
3.34 
0.51 
4.64 
0.61 
12.0 
8.1 
1.19 
HS002 
Helen 
Springs 
Volcanics 
52.24 
0.99 
14.73 
10.79 
9.71 
0.17 
7.08 
10.32 
2.11 
0.79 
0.10 
1.17 
99.40 
59.9 
5935 
432 
70 
6591 
36.8 
261 
49 
48 
72.7 
17.0 
32.2 
140.2 
24.7 
100.9 
5.3 
1.5 
0.35 
!50 
12.28 
24.74 
3.13 
13.19 
3.32 
0.98 
3.68 
0.65 
4.07 
0.87 
2.44 
2.39 
0.37 
2.64 
0.36 
6.0 
4.9 
0.82 
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Appendix IV: Major & Trace Element Analytical Methods and Results 
Sample KBOOI KTOOl KT003 
Name 
KT004 LBOOI 
Antrim 
Plateau 
LB005 
Antrim 
Plateau 
LBOII 
Antrim 
Plateau Milliwindi Dolerite 
Antrim 
Plateau 
Volcanics 
Antrim 
Plateau 
Volcanics 
Antrim 
Plateau 
Volcanics Volcanics Volcanics Volcanics 
Si02 
Ti02 
AI,03 
Fe,OJ, 
FeOt 
MnO 
MgO 
CaO 
Na,o 
K 20 
P20 5 
LOI 
Total 
Mg#.l5 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
52.95 
1.04 
14.79 
10.51 
9.46 
0.1 6 
6.53 
9.73 
2.16 
1.25 
0.12 
1.48 
99.66 
58.6 
6229 
515 
425 
10376 
34.2 
231 
174 
98 
117.4 
17.2 
55.6 
164.9 
30.1 
140.5 
6.5 
1.9 
1.32 
239 
18.64 
38.37 
4.61 
18.52 
4.30 
1.08 
4.52 
0.76 
4.70 
0.99 
2.77 
2.62 
0.41 
3.40 
0.40 
10.0 
6.8 
1.05 
52.95 
1.22 
14.49 
11.77 
10.59 
0.16 
5.55 
9.16 
2.38 
1.25 
0. 13 
1.59 
99.46 
51.8 
7326 
546 
290 
10351 
38.1 
289 
66 
58 
34.4 
18.8 
59.4 
152.2 
31.9 
136.9 
7.7 
2.1 
0.78 
207 
19.16 
39.67 
4.86 
19.63 
4.65 
1.23 
5.02 
0.85 
5.45 
1.14 
3.22 
3.13 
0.48 
3.72 
0.53 
8.0 
8.0 
1.36 
50.46 
1.04 
14.82 
9.94 
8.94 
0.14 
7.81 
6.27 
3.40 
1.75 
0.11 
4.41 
99.15 
64.2 
6247 
463 
90 
14543 
40.5 
263 
96 
56 
43.9 
117.7 
17.3 
49.2 
184.1 
25.3 
103.8 
5.0 
1.6 
0.58 
331 
13.68 
29.24 
3.63 
14.69 
3.58 
1.08 
4.05 
0.68 
4.37 
0.92 
2.65 
0.39 
2.45 
0.37 
2.68 
0.36 
16.0 
4.7 
0.75 
51.98 
1.18 
14.89 
10.67 
9.60 
0.18 
6. 11 
9.49 
2.40 
1.08 
0.12 
2.41 
99.45 
56.6 
7098 
541 
50 
8982 
42.3 
290 
79 
47 
41.7 
38.4 
18.6 
41.3 
170.4 
28.3 
116.2 
5.7 
1.6 
0.91 
199 
16.53 
34.03 
4.1 5 
16.62 
4.01 
1.18 
4.57 
0.77 
4.94 
1.04 
2.90 
0.42 
2.68 
0.40 
3.03 
0.40 
15.0 
5.5 
0.89 
51.92 
1.14 
15.42 
10.58 
9.52 
0.15 
4.18 
6.91 
3.46 
3.91 
0. 13 
2.42 
99.16 
47.4 
6840 
563 
60 
32474 
32.8 
237 
92 
46 
33 .9 
18.1 
93.4 
157.8 
29.9 
140.4 
7.6 
1.5 
0.53 
403 
19.63 
39.77 
4.75 
19.05 
4.33 
1.11 
4.55 
0.77 
4.72 
1.00 
2.80 
2.72 
0.42 
3.50 
0.49 
12.0 
7.6 
1.17 
52.84 
1.26 
13.89 
12.44 
11.20 
0.20 
4.87 
6.35 
3.46 
2.36 
0.14 
2.24 
98.80 
47.1 
7530 
594 
20 
19624 
39.9 
299 
II 
21 
43.2 
30.2 
18.5 
65.9 
109.4 
31.7 
134.1 
7.4 
2.0 
0.51 
235 
20.72 
42.91 
5.10 
20.09 
4.68 
1.20 
4.97 
0.83 
5.37 
1.15 
3.23 
0.47 
2.95 
0.44 
3.45 
0.53 
10.0 
8.3 
1.37 
Samples analysed by laser ablation-!CPMS at the Research School of Earth Sciences, ANU. 
Mg#. l5 = molar[IOO*Mg/(Mg+Fe2+)] for Fe20 i Fe0 = 0.15 
52.19 
1.32 
15.16 
11.73 
10.55 
0.16 
4.50 
8.75 
2.41 
1.35 
0.14 
2.61 
99.13 
46.6 
7949 
617 
810 
11292 
38.1 
264 
32 
49 
40.2 
54.9 
19.3 
52.0 
147.1 
30.0 
142.8 
8.0 
1.8 
0.64 
252 
21.95 
44.48 
5.26 
21.65 
4.85 
1.26 
5.20 
0.84 
5.59 
1.15 
3.34 
0.48 
3.24 
0.47 
3.75 
0.55 
10.4 
8.0 
1.26 
LBOI3 
Antrim 
Plateau 
Volcanics 
52.16 
1.34 
15.21 
11.82 
10.63 
0.14 
4.37 
7.11 
3.42 
2.29 
0.14 
2.02 
98.84 
45 .7 
8033 
598 
50 
19026 
36.3 
277 
34 
47 
41.2 
52.4 
19.0 
76.3 
147.8 
32.0 
146.5 
7.4 
1.8 
0.48 
303 
21.57 
44.29 
5.33 
20.81 
4.90 
1.29 
5.40 
0.87 
5.49 
1.16 
3.27 
0.48 
3.04 
0.46 
3.76 
0.53 
13.0 
8.1 
1.39 
LB015 
Antrim 
Plateau 
Volcanics 
52.1 2 
1.11 
14.24 
11.83 
10.64 
0. 15 
5.91 
5.48 
3.96 
2.59 
0. 11 
2.60 
98.92 
53.2 
6672 
493 
30 
21524 
42.3 
288 
17 
34 
44.2 
11.0 
18.2 
71.0 
177.8 
29.6 
114.4 
6.1 
1.5 
0.29 
269 
17.31 
34.97 
4.25 
17.01 
3.99 
1.11 
4.55 
0.76 
4.82 
1.04 
2.92 
0.43 
2.73 
0.42 
3.01 
0.45 
7.0 
6.5 
1.01 
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Appendix IV: Major & Trace Element Analytical Methods and Results 
Sample 
Name 
Si02 
Ti02 
AbOJ 
Fe20J, 
FeOt 
MnO 
MgO 
CaO 
Na20 
K 20 
P20, 
LOI 
Total 
Mg#.l 5 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
LBOI9 
Antrim 
Plateau 
Volcan ics 
55.49 
1.65 
13.49 
12.92 
11.62 
0.15 
3.38 
6.53 
2.58 
2.06 
0.18 
1.50 
98.63 
37.3 
9898 
768 
30 
17125 
37.4 
348 
7 
14 
39.0 
36. 1 
20.4 
85.9 
137.5 
37.9 
180.6 
10.4 
2.9 
1.42 
346 
29.10 
60.07 
7.09 
26.86 
6.07 
1.47 
6.23 
1.04 
6.51 
1.36 
3.88 
0.58 
3.69 
0.56 
4.61 
0.78 
13.0 
12.7 
2.14 
LB026 
Antrim 
Plateau 
Volcanics 
53.81 
1.42 
13.75 
12.03 
10.82 
0.20 
4.98 
7.43 
2.42 
1.77 
0.14 
2.62 
99.36 
48.5 
8537 
620 
30 
14684 
37.9 
370 
43 
29 
43.1 
49.5 
18.9 
44.2 
139.8 
31.9 
150.4 
8.0 
2.0 
0.43 
283 
22.49 
46.54 
5.60 
21.44 
4.95 
1.26 
5.13 
0.86 
5.37 
1.14 
3.22 
0.47 
2.97 
0.45 
3.74 
0.56 
12.0 
9.6 
1.65 
LB032 
Antrim 
Plateau 
Volcanics 
53 .73 
1.36 
13 .57 
12.57 
I 1.31 
0.26 
4.81 
7.05 
2.34 
2.18 
0.13 
2.17 
98.91 
46.6 
8159 
585 
30 
18129 
38.2 
355 
41 
31 
42.8 
53.1 
18.2 
54.5 
141.1 
32.4 
145.9 
7.7 
2.3 
0.48 
319 
23.48 
47.99 
5.62 
21.82 
5.07 
1.25 
5.27 
0.88 
5.56 
1.17 
3.24 
0.47 
3.05 
0.46 
3.78 
0.57 
13.0 
9.5 
1.68 
MROOI ND003 
Mt. Ramsay Nutwood 
dolerite Downs 
53.69 
0.97 
15.45 
9.87 
Volcanics 
52.21 
1.22 
14.29 
12.07 
8.88 10.86 
0.14 0.20 
5.93 5.62 
8.70 7.22 
2.46 3.34 
1.17 1.82 
0.1 5 0. 12 
1.79 2.11 
99.32 
57.8 
5791 
672 
800 
9720 
28.7 
173 
88 
108 
61.8 
16.1 
52.2 
148.2 
29.1 
125.0 
9.3 
2.3 
1.93 
217 
22.89 
45.51 
5.37 
20.81 
4.39 
1.06 
4.51 
0.76 
4.66 
0.98 
2.80 
2.77 
0.43 
3.25 
0.65 
8.0 
10.6 
2.69 
99.02 
51.5 
7326 
537 
50 
15133 
41.3 
312 
58 
59 
43.9 
69.1 
19.2 
69.5 
159.6 
32.0 
129.7 
6.8 
1.7 
0.41 
228 
18.85 
39.30 
4.78 
18.85 
4.43 
1.20 
4.95 
0.82 
5.32 
1.12 
3.17 
0.46 
2.97 
0.44 
3.36 
0.50 
11.0 
7.6 
1.26 
ND004 
Nutwood 
Downs 
Volcanics 
52.29 
1.22 
14.39 
11.85 
10.66 
0.18 
5.73 
8.25 
3.01 
1.22 
0.12 
2.01 
99.08 
52.4 
7326 
532 
70 
10102 
38.4 
292 
64 
54 
47.6 
18.4 
52.5 
136.1 
31.5 
134.6 
7.6 
1.8 
0.76 
184 
18.45 
38.24 
4.64 
19.04 
4.50 
1.19 
4.88 
0.82 
5.23 
1.10 
3.10 
3.02 
0.46 
3.57 
0.51 
10.0 
8.0 
1.35 
ND008 
Nutwood 
Downs 
Volcanics 
51.80 
1.07 
14.26 
10.55 
9.50 
0.21 
7.33 
4.91 
4.65 
1.91 
0.1 0 
3.70 
99.43 
61.3 
6415 
449 
40 
15847 
41.2 
276 
37 
43 
43.5 
68.9 
17.2 
66.8 
137.3 
25.0 
102.3 
5.1 
1.4 
2.12 
232 
13.35 
28.91 
3.56 
14.39 
3 .50 
0.98 
3 .79 
0.65 
4.24 
0.90 
2.54 
0.37 
2.35 
0.35 
2.69 
0.38 
9 .0 
5.2 
0.79 
Samples analysed by laser ablation-ICPMS at the Research School of Earth Sciences, ANU. 
Mg#.l5 = molar[IOO*Mg/(Mg+Fe2•)] for Fe20iFeO = 0.15 
ND009 
Nutwood 
Downs 
Volcanics 
51.61 
1.01 
14.20 
10.80 
9.72 
0.19 
6.60 
6.36 
4.04 
2.33 
0.10 
3.27 
99.42 
58.2 
6031 
428 
70 
19300 
40.8 
270 
39 
42 
41.7 
61.5 
16.1 
70.0 
206.4 
23.9 
93.5 
4.6 
1.5 
0.48 
234 
13.02 
27.05 
3.33 
13.36 
3.31 
0.96 
3.77 
0.63 
4.01 
0.85 
2.40 
0.35 
2.26 
0.34 
2.41 
0.33 
9.0 
4.7 
0.79 
NDOI2 
Nutwood 
Downs 
Volcanics 
51.67 
1.09 
14.44 
11.12 
10.00 
0.17 
6.30 
9.70 
2.54 
1.05 
0.10 
2.73 
99.78 
56.3 
6505 
428 
40 
8724 
42.0 
281 
39 
42 
43 .2 
52.0 
17.6 
41.0 
148.8 
24.6 
98.2 
4.9 
1.7 
0.56 
161 
13.31 
28.30 
3.51 
14.15 
3.44 
1.04 
3.87 
0.65 
4.19 
0.91 
2.52 
0.37 
2.35 
0.35 
2.52 
0.35 
7.0 
4.9 
0.87 
____________________________________________________ 305 
Appendix IV: Major & Trace Element Analytical Methods and Results 
Sample 
Name 
PL030 
Antrim 
Plateau 
PL031 PL033 
Antrim 
Plateau 
PL035 
Antrim 
Plateau 
NDOI3 
Nutwood 
Downs 
Volcanics 
NDOI4 
Nutwood 
Downs 
Volcanics 
NDOI6 
Nutwood 
Downs 
Volcanics Volcanics 
Antrim 
Plateau 
Volcanics Volcanics Volcanics 
Si02 
TiO, 
AI, OJ 
Fe, OJ, 
FeOt 
MnO 
MgO 
CaO 
Na,o 
K20 
P20; 
LOI 
Total 
Mg#.l5 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
52.25 
1.09 
14.36 
11.50 
10.35 
0.18 
6.53 
9.68 
2.36 
1.10 
0.10 
1.58 
99.58 
56.4 
6529 
454 
70 
9139 
42.3 
286 
43 
47 
44.2 
49.3 
17.2 
40.4 
144.9 
25.9 
100.3 
4.8 
1.4 
0.41 
163 
13.39 
28.40 
3.48 
14.25 
3.51 
1.01 
4.03 
0.68 
4.37 
0.93 
2.66 
0.39 
2.50 
0.38 
2.54 
0.34 
6.0 
4.9 
0.73 
52.53 
1.79 
12.84 
14.36 
12.92 
0.03 
8.05 
1.20 
2.20 
2.13 
0.16 
5.46 
99.31 
56.1 
10755 
711 
140 
17656 
34.9 
433 
22 
38 
45 .7 
110.0 
19.3 
75.5 
71.0 
27.7 
165.9 
7.3 
1.7 
1.77 
238 
20.68 
41.00 
4.65 
17.27 
3.9 1 
1.37 
4.27 
0.74 
4 .82 
1.04 
2.91 
0.42 
2.70 
0.41 
4.11 
0.58 
8.0 
8.7 
2.42 
50.88 
1.84 
13.41 
12.25 
11.03 
0.10 
4.57 
6.90 
2.24 
1.88 
0.17 
6.26 
99.27 
45.9 
11049 
729 
180 
15622 
35 .7 
329 
22 
37 
12.4 
12.0 
10.0 
67.0 
185.3 
33.5 
167.4 
5.8 
0.5 
1.13 
319 
24.70 
49.60 
5.84 
22.76 
5.20 
1.52 
5.72 
0.92 
5.70 
1.19 
3.32 
0.48 
3.06 
0.46 
4.30 
0.58 
15.0 
9.2 
2.93 
52.34 
0.91 
15.16 
9.74 
8.77 
0.17 
7.32 
9.54 
2.64 
1.20 
0.10 
1.63 
99.77 
63.1 
5473 
428 
70 
9970 
35.6 
218 
129 
44 
134.9 
16.8 
39.0 
164.0 
24.4 
111.8 
6.0 
1.3 
0.34 
219 
14.79 
30.95 
3.77 
15.24 
3.51 
0.99 
3.73 
0.63 
3.94 
0.83 
2.33 
2.23 
0.34 
2.85 
0.35 
6.0 
4.9 
0.61 
52.34 
0.89 
15.27 
9.77 
8.79 
0.17 
7.45 
9.73 
2.70 
0.95 
0.10 
1.58 
99.97 
63.5 
5342 
428 
40 
7919 
37.7 
228 
132 
43 
40.9 
115.2 
16.9 
32.5 
166.3 
23.1 
103.5 
5.2 
1.2 
0.55 
215 
14.65 
30.60 
3.70 
14.70 
3.49 
1.02 
3.75 
0.62 
4.05 
0.85 
2.41 
0.35 
2.25 
0.33 
2.64 
0.34 
6.0 
4.8 
0.59 
52.30 
0.94 
15.0 1 
9.97 
8.97 
0.16 
6.97 
9.51 
2.92 
1.06 
0.11 
1.96 
99.91 
61.4 
5659 
467 
10 
8816 
37.8 
233 
Ill 
45 
40.7 
27.9 
17.5 
38.7 
150.4 
24.6 
112.8 
5.7 
1.6 
0.55 
196 
16.09 
33.55 
4.08 
16.00 
3.75 
1.05 
4.03 
0.68 
4.30 
0.92 
2.50 
0.36 
2.30 
0.35 
2.87 
0.37 
7.0 
5.3 
0.66 
Samples analysed by laser ablation-ICPMS at the Research School of Earth Sciences, ANU. 
Mg#.l 5 = molar[IOO*Mg/(Mg+Fe>+)] for Fe20 i Fe0 = 0.15 
52.30 
0.89 
15.09 
9.76 
8.78 
0.17 
7.1 5 
9.71 
2.56 
1.35 
0.10 
1.51 
99.60 
62.5 
5330 
423 
40 
11223 
35.5 
218 
125 
46 
11.2 
14.9 
48.7 
167.7 
24.3 
111.3 
6.0 
1.9 
0.72 
212 
14.95 
31.55 
3.82 
15.40 
3.55 
0.99 
3.74 
0.63 
3.94 
0.83 
2.32 
2.23 
0.34 
2.82 
0.35 
6.0 
4.9 
0.66 
PL038 
Antrim 
Plateau 
Volcanics 
52.49 
0.91 
15.31 
9.64 
8.67 
0.16 
7.43 
10.32 
2.28 
1.04 
0.10 
1.30 
100.00 
63.7 
5437 
445 
60 
8592 
35.9 
224 
136 
48 
27.3 
17.0 
39.3 
159.3 
24.6 
113.2 
6.2 
1.3 
0.43 
199 
14.59 
31.24 
3.80 
15.30 
3.57 
1.00 
3.77 
0.64 
3.96 
0.84 
2.35 
2.26 
0.34 
2.86 
0.35 
4.0 
5.0 
0.65 
PL040 
Antrim 
Plateau 
Volcanics 
50.69 
0.71 
15 .67 
9.11 
8.20 
0.16 
8.03 
7.63 
3.76 
1.25 
0.09 
3.86 
100.05 
66.8 
4262 
393 
80 
10401 
36.0 
207 
80 
8 
10.1 
15 .5 
43 .5 
261.9 
19.2 
86.4 
6.2 
1.1 
0.91 
235 
14.34 
30.33 
3.49 
13.76 
2.98 
0.84 
3.00 
0.50 
3.1 0 
0.66 
1.84 
1.82 
0.28 
2.20 
0.34 
4.0 
4.2 
0.58 
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Sample PL043 
Name 
PL045 
Antrim 
Plateau 
PL047 PL048 PL051 
Antrim 
Plateau 
PL052 
Antrim 
Plateau 
PL053 
Antrim 
Plateau 
Antrim 
Plateau 
Volcanics Volcanics 
Antrim 
Plateau 
Volcanics 
Antrim 
Plateau 
Volcanics Volcanics Volcanics Volcanics 
Si02 
Ti02 
AbO, 
Fe2o,, 
FeOt 
MnO 
MgO 
CaO 
Na20 
K20 
P20s 
LOI 
Total 
Mg#.15 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
53.19 
1.30 
14.51 
11.70 
10.53 
0.19 
5.53 
8.98 
2.43 
1.47 
0.16 
0.82 
99.11 
51.9 
7811 
703 
50 
12227 
34.4 
278 
64 
38 
46.2 
18.1 
49.5 
165.6 
32.5 
140.9 
7.7 
2.0 
0.47 
253 
19.33 
41.11 
5.04 
20.45 
4.81 
1.27 
5.03 
0.85 
5.30 
1.11 
3.1 2 
2.99 
0.46 
3.63 
0.51 
8.0 
7.0 
0.84 
53.99 
1.49 
14.48 
12.08 
10.87 
0.17 
4.86 
8.57 
2.51 
1.58 
0. 18 
0.84 
99.53 
47.8 
8951 
790 
40 
13124 
33.5 
303 
45 
26 
31.7 
19.3 
72.3 
176.7 
36.3 
173.8 
9.1 
1.8 
0.87 
309 
22.01 
46.14 
5.66 
23.00 
5.39 
1.45 
5.67 
0.95 
5.91 
1.24 
3.47 
3.32 
0.51 
4.44 
0.57 
10.0 
6.9 
0.82 
52.52 
1.47 
14.38 
12.28 
11.05 
0.19 
4.89 
7.51 
3.06 
1.96 
0.18 
1.44 
98.63 
47.5 
8819 
772 
60 
16228 
34.3 
302 
47 
26 
17.0 
19.2 
69.1 
174.7 
36.2 
170.5 
8.9 
2.0 
0.70 
317 
22.18 
46.26 
5.65 
22.89 
5.30 
1.43 
5.63 
0.94 
5.82 
1.23 
3.41 
3.25 
0.50 
4.29 
0.56 
10.0 
6.8 
1.17 
53.94 
1.41 
14.22 
11.73 
10.56 
0.15 
4.89 
8. 19 
2.51 
1.94 
0.16 
1.45 
99.41 
48.7 
8429 
707 
10 
16071 
36.5 
293 
73 
42 
39.8 
16.1 
18.6 
81.0 
163.5 
35.1 
171.7 
8.4 
2.0 
0.86 
367 
24.15 
49.58 
5.87 
23.14 
5.32 
1.40 
5.68 
0.93 
5.96 
1.24 
3.48 
0.51 
3.24 
0.50 
4.22 
0.57 
11.0 
7.8 
1.20 
54.38 
1.06 
14.77 
10.37 
9.33 
0.15 
5.40 
8.54 
2.55 
1.78 
0.1 4 
1.64 
99.74 
54.3 
6367 
620 
40 
14784 
35.2 
253 
62 
31 
37.9 
13.3 
18.6 
78.2 
185.2 
28.1 
151.2 
7.9 
1.5 
0.99 
338 
24.70 
50.04 
5.88 
22.42 
4.79 
1.29 
4.83 
0.78 
4.90 
1.00 
2.81 
0.41 
2.63 
0.40 
3.74 
0.52 
11.0 
8.9 
1.16 
54.73 
1.05 
14.80 
10.06 
9.05 
0.16 
5.26 
7.55 
2.97 
2.33 
0.13 
1.75 
99.80 
54.4 
6319 
585 
10 
19308 
34.0 
238 
75 
35 
36.8 
11.2 
18.4 
91.9 
174.4 
28.3 
147.7 
7.7 
1.9 
0.90 
380 
24.09 
48.84 
5.71 
21.68 
4.69 
1.23 
4.74 
0.78 
4.80 
1.01 
2.82 
0.41 
2.61 
0.40 
3.65 
0.51 
12.0 
8.9 
1.24 
Samples analysed by laser ablation-ICPMS at the Research School of Earth Sciences, ANU. 
Mg#.l5 = molar[IOO*Mg/(Mg+Fe2+)] for Fe20 3/Fe0 = 0.15 
53.78 
1.10 
14.87 
10.17 
9.15 
0.16 
5.38 
7.04 
3.46 
1.97 
0.14 
2.31 
99.34 
54.6 
6577 
615 
60 
16320 
31.0 
231 
77 
36 
47.6 
18.0 
71.9 
166.4 
29.6 
156.1 
8.9 
1.9 
0.49 
293 
24.58 
50.23 
5.87 
22.66 
4.87 
1.24 
4.78 
0.79 
4.82 
1.00 
2.79 
2.70 
0.41 
3.95 
0.55 
8.0 
9.2 
1.25 
PL058 
Antrim 
Plateau 
Volcanics 
54.17 
1.46 
14.00 
11.88 
10.69 
0.17 
5.00 
7.33 
3.05 
1.62 
0.16 
1.56 
99.20 
48.9 
8735 
681 
180 
13439 
37.1 
312 
51 
30 
42.2 
18.6 
48.3 
196.8 
34.3 
167.0 
8.7 
1.6 
0.56 
248 
17.17 
42.38 
5.34 
21.74 
5.10 
1.31 
5.31 
0.89 
5.54 
1.16 
3.25 
3.11 
0.48 
4.23 
0.58 
38.0 
7.4 
1.46 
PL060 
Antrim 
Plateau 
Volcanics 
53.53 
1.36 
14.03 
12.29 
11.06 
0.17 
4.67 
6.77 
3.69 
2.13 
0.16 
1.98 
99.55 
46.4 
8165 
681 
60 
17648 
31.5 
302 
43 
28 
33 .0 
18.6 
88.3 
157.1 
34.9 
163.0 
8.8 
2.0 
0.37 
314 
23 .27 
46.95 
5.51 
21.85 
4.96 
1.29 
5.31 
0.88 
5.46 
1.15 
3.23 
2.97 
0.46 
3.95 
0.56 
8.0 
7.6 
1.34 
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Sample 
Name 
Si02 
Ti02 
Ab03 
Fe20 J, 
FeOt 
MnO 
MgO 
CaO 
Na20 
K20 
P20 5 
LOI 
Total 
Mg#. l5 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
PL063 
Antrim 
Plateau 
Volcanics 
53.20 
0.94 
14.97 
10.09 
9.08 
0.15 
6.70 
7.85 
3.64 
1.56 
0.10 
1.42 
99.61 
60.2 
5623 
436 
50 
12916 
31.7 
237 
!51 
60 
28.6 
17.0 
54.7 
191.4 
25.1 
112.2 
6.1 
1.6 
0.24 
223 
16.81 
34.43 
4.08 
16.22 
3.68 
0.92 
3.89 
0.64 
4.00 
0.84 
2.36 
2.24 
0.35 
2.80 
0.37 
6.0 
7.1 
1.09 
PL064 
Antrim 
Plateau 
Volcanics 
53.13 
1.13 
14.33 
11.45 
10.30 
0.16 
5.61 
7.82 
3.29 
1.74 
0.12 
2.08 
99.70 
52.7 
6750 
506 
60 
14460 
37.2 
290 
47 
38 
31.9 
18.0 
58.7 
226.1 
28.6 
126.2 
6.8 
1.7 
0.44 
259 
18.54 
39.02 
4.55 
18.26 
4.20 
1.10 
4.46 
0.76 
4.74 
0.99 
2.80 
2.71 
0.41 
3.33 
0.47 
8.0 
7.5 
1.31 
PL067 
Antrim 
Plateau 
Volcanics 
54.96 
1.41 
13 .67 
12.56 
11.30 
0.18 
4.24 
7.59 
2.44 
1.98 
0.14 
1.28 
99.20 
43.5 
8477 
620 
60 
16403 
36.7 
329 
12 
14 
30.7 
18.5 
89.8 
125.9 
33.0 
157.5 
8.8 
2.2 
0.92 
262 
22.40 
45.57 
5.44 
21.37 
4.85 
1.18 
4.93 
0.83 
5.17 
1.09 
3.12 
3.01 
0.46 
3.96 
0.63 
10.0 
9.7 
1.60 
PL068 
Antrim 
Plateau 
Volcanics 
52.12 
1.25 
14.07 
11.96 
10.76 
0.20 
6.09 
6.91 
3.88 
1.84 
0.12 
1.84 
99.08 
53.7 
7518 
541 
60 
15257 
37.9 
308 
40 
42 
58.1 
18.3 
49.0 
189.2 
27.5 
114.9 
5.7 
1.7 
0.18 
187 
14.39 
31.34 
3.76 
15.27 
3.69 
1.01 
3.97 
0.68 
4.32 
0.91 
2.56 
2.44 
0.37 
2.87 
0.39 
6.0 
4.8 
1.00 
PP002 
Peaker 
Piker 
Volcanics 
48.43 
1.97 
14.07 
12.60 
11.33 
0.02 
8.85 
0.44 
0.08 
6.77 
0.17 
6.69 
98.82 
61.5 
11822 
720 
230 
56198 
34.2 
469 
19 
30 
354.4 
20.4 
94.9 
18.8 
33.5 
175.3 
9.8 
2.2 
0.80 
128 
19.12 
43.79 
5.03 
19.65 
4.59 
1.17 
4.75 
0.84 
5.39 
1.16 
3.27 
3.27 
0.51 
4.39 
0.69 
4.0 
9.6 
1.73 
PP004 
Peaker 
Piker 
Volcanics 
53.45 
1.72 
13.46 
13.29 
11.96 
0.13 
4.55 
7.53 
2.44 
1.50 
0.15 
1.92 
98.80 
43 .8 
10305 
672 
80 
12427 
35.5 
393 
25 
30 
44.3 
20.2 
64.1 
186.0 
37.3 
182.6 
9.0 
2.4 
0.93 
346 
23.93 
48.02 
5.74 
22.61 
5.19 
1.41 
5.50 
0.94 
5.73 
1.21 
3.38 
3.23 
0.50 
4.37 
0.58 
10.0 
9.2 
1.63 
PP009 
Peaker 
Piker 
Volcanics 
52.59 
1.0 I 
14.78 
10.88 
9.79 
0.14 
6.29 
9.96 
2.13 
0.83 
0.10 
1.64 
99.27 
56.8 
6079 
436 
50 
6915 
38.9 
246 
51 
48 
20.2 
16.5 
39.1 
137.0 
26.1 
98.4 
5.6 
1.3 
2.44 
192 
13.22 
25.45 
3.44 
14.07 
3.47 
0.99 
3.83 
0.66 
4.13 
0.89 
2.50 
2.44 
0.37 
2.50 
0.36 
6.0 
4 .8 
0.81 
Samples analysed by laser ablation-JCPMS at the Research School of Earth Sciences, ANU. 
Mg#.l5 =molar[! OO*Mg/(Mg+Fe2+)] for Fe20 i fe0 = 0.15 
PPOJJ 
Peaker 
Piker 
Volcanics 
51.42 
0.98 
14.29 
11.23 
10.11 
0.1 6 
7.03 
6.22 
2.97 
2 .70 
0.09 
3.43 
99.39 
58.8 
5863 
406 
70 
22421 
38.0 
256 
45 
46 
61.1 
15.9 
59.8 
115.5 
25 .6 
93.0 
5.0 
1.9 
0.90 
258 
12.36 
26.16 
3.23 
13.18 
3.28 
0.96 
3.55 
0.64 
3.93 
0.86 
2.38 
2.26 
0.34 
2.37 
0.34 
6.0 
4.6 
0.79 
PPOJ2 
Peaker 
Piker 
Volcanics 
50.88 
0.96 
14.36 
10.12 
9.11 
0.11 
8.11 
8.17 
2.18 
0.93 
0.09 
4.65 
99.54 
64.6 
5749 
388 
50 
7687 
39. 1 
261 
49 
46 
18.5 
15.9 
33.5 
139.9 
21.8 
84.9 
5.0 
1.1 
1.33 
130 
11.04 
23.47 
2 .90 
11.76 
2.90 
0.87 
3.1 5 
0.56 
3.52 
0.75 
2.11 
2.10 
0.32 
2.16 
0.31 
4.0 
4.1 
0.70 
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Sample 
Name 
Si02 
Ti02 
AI, OJ 
Fe20J, 
FeOt 
MnO 
MgO 
CaO 
Na20 
K20 
P20s 
LOI 
Total 
Mg#.l5 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
Appendix IV: Major & Trace Element Analytical Methods and Results 
THOOI VROOI 
Table Hill Antrim 
Volcanics v~\~~;i~s 
51.59 53.01 
0.77 0.98 
14.79 14.83 
10.00 9.94 
9.00 8.95 
0.16 0.14 
6.59 6.89 
8.64 9.56 
2.74 1.96 
1.60 1.15 
0.07 0.11 
3.27 2.10 
99.20 
60.0 
4622 
288 
70 
13273 
38.0 
235 
66 
38 
43.7 
16.6 
35.6 
122.4 
24.5 
83.8 
4.2 
1.9 
0.61 
188 
13.17 
26.25 
3.09 
12.19 
3.00 
0.78 
3.37 
0.59 
3.78 
0.80 
2.27 
26.60 
2.1 7 
0.33 
2.20 
0.37 
10.0 
6.6 
1.30 
99.67 
61.2 
5863 
471 
100 
9538 
34.3 
241 
179 
98 
70.7 
16.2 
48.1 
134.6 
26.6 
121.0 
6.2 
1.6 
1.05 
200 
17.26 
35. 19 
4.1 9 
16.69 
3.85 
0.96 
4.04 
0.68 
4.25 
0.90 
2.52 
2.43 
0.37 
3.09 
0.40 
26.0 
7.3 
1.09 
VR005 
Antrim 
Plateau 
Volcanics 
54.28 
1.05 
14.75 
9.85 
8.86 
0.19 
6.08 
9.05 
2.12 
1.33 
0.12 
1.99 
99.81 
58.4 
6313 
506 
100 
11040 
33.8 
210 
149 
74 
26.5 
12.8 
53.6 
138.0 
28.4 
133.6 
6.0 
1.2 
0.60 
223 
18.10 
38.26 
4.59 
18.09 
4.23 
1.04 
4.31 
0.74 
4.62 
0.97 
2.72 
2.65 
0.41 
3.43 
0.47 
10.0 
9.0 
1.35 
VROIO VR021 VR025 VR027 WHOOI WH009 
Antrim Antrim Antrim Antrim Antrim Antrim 
Plateau Plateau Plateau Plateau Plateau Plateau 
Volcanics Volcanics Volcanics Volcanics Volcanics Volcanics 
52.75 52.67 55.10 52.72 55.11 54.47 
0.83 1.43 1.33 0.88 1.42 1.40 
14.98 
8.74 
7.87 
0.19 
7.85 
7.16 
3.76 
1.92 
0.09 
2.68 
100.08 
67.2 
4994 
375 
70 
15946 
37.3 
231 
104 
67 
41.9 
100.7 
16.6 
51.9 
342.8 
21.5 
92.5 
4.7 
1.3 
0.20 
255 
13.46 
28.59 
3.42 
13.47 
3.20 
0.88 
3.48 
0.58 
3.68 
0.79 
2.17 
0.32 
2.04 
0.30 
2.35 
0.33 
5.0 
6.0 
0.86 
13.84 
12.66 
11.39 
0.1 4 
5.00 
6.71 
2.54 
1.77 
0.15 
3.41 
99.05 
47.4 
8561 
672 
20 
14660 
41.6 
346 
17 
42.4 
26.8 
21.3 
58.3 
158.9 
35.9 
167.7 
9.1 
2.3 
0.64 
253 
24.16 
50.33 
6.00 
23.20 
5.39 
1.38 
5.69 
0.96 
6.12 
1.30 
3.66 
0.53 
3.48 
0.53 
4.27 
0.67 
11.0 
10.3 
1.63 
14.76 
10.12 
9.11 
0.16 
4.71 
6.87 
3.09 
2.33 
0.14 
1.98 
99.57 
51.4 
7973 
589 
20 
19333 
36.0 
289 
86 
32 
35.2 
17.6 
18.0 
82.8 
134.1 
30.9 
147.3 
8.1 
2.0 
1.07 
316 
23 .56 
47.71 
5.61 
21.35 
4.79 
1.22 
5.06 
0.84 
5.24 
1.10 
3.13 
0.45 
2.98 
0.44 
3.71 
0.59 
11.0 
9.5 
1.57 
14.77 
9.41 
8.47 
0.17 
7.57 
6.73 
3.67 
2.21 
0.09 
2.42 
99.70 
64.7 
5270 
401 
90 
18320 
38.4 
229 
104 
60 
34.9 
49.1 
16.1 
58.1 
218.3 
24.1 
100.6 
4.8 
1.3 
2.28 
296 
15.41 
32.65 
3.90 
15.10 
3.54 
0.94 
3.87 
0.65 
4.06 
0.87 
2.43 
0.35 
2.27 
0.34 
2.59 
0.35 
5.0 
6.4 
0.95 
13.87 
12.56 
11.30 
0.26 
4.09 
7.62 
2.61 
1.71 
0.16 
1.14 
99.29 
42.6 
8495 
690 
120 
14220 
37.5 
30 1 
4 
14 
43.6 
19.0 
68.6 
134.6 
35 .6 
158.1 
9.8 
2.1 
1.28 
240 
21.63 
44.95 
5.44 
21.63 
5.00 
1.29 
5.1 6 
0.90 
5.63 
1.21 
3.39 
3.47 
0.52 
3.96 
0.65 
9.0 
9.6 
1.61 
13.84 
12.81 
11.52 
0.26 
4.26 
7.61 
2.58 
1.63 
0.15 
1.42 
99.1 4 
43.1 
8381 
655 
50 
13547 
40.5 
317 
19 
43.4 
83.6 
20.1 
69.3 
134.6 
37. 1 
152.9 
8.4 
2.7 
0.92 
257 
23 .25 
48.99 
5.87 
22.70 
5.29 
1.34 
5.75 
0.96 
6.16 
1.31 
3.67 
0.53 
3.51 
0.53 
3.89 
0.61 
9.0 
9.7 
1.57 
Samples analysed by laser ablation-ICPMS at the Research School of Earth Sciences, ANU. 
Mg#.l5 =molar[! OO*Mg/(Mg+Fe2+)] for Fe20 3/Fe0 = 0.1 5 
__________________________________________________ 309 
Sample 
Name 
Si02 
Ti02 
AbOJ 
Fe20J, 
FeOt 
MnO 
MgO 
CaO 
Na20 
K20 
P20s 
LOI 
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Ti 
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Co 
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Rb 
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Zr 
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Dy 
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WL006 WLO I I WLOI5 WLOI9 WL021 WL026 WL028 WL033 WL039 
Antrim Antrim 
Plateau Plateau 
Volcanics Volcanics 
52.47 51.30 
1.07 1.13 
14.08 14.07 
10.88 11.69 
9.79 10.52 
0.18 0.19 
6.38 
6.73 
3.89 
2.24 
0.12 
2.62 
99.58 
57.2 
6433 
541 
72 
18627 
35.7 
232 
82 
46 
101.9 
16.9 
85.8 
157.8 
29.8 
131.1 
7.7 
1.6 
0.55 
242 
17.87 
37.20 
4.50 
18.04 
4.18 
1.09 
4.48 
0.76 
4.76 
0.99 
2.80 
2.68 
0.41 
3.28 
0.49 
8.0 
6.9 
1.25 
6.34 
5.39 
5.73 
0.15 
0.14 
3.98 
98.94 
55.3 
6792 
598 
50 
1278 
34.3 
225 
75 
50 
13.0 
16.9 
9.2 
77.5 
31.4 
137.6 
8.7 
1.6 
0.10 
26 
18.26 
38.41 
4.63 
18.48 
4.42 
1.11 
4.49 
0.79 
4.89 
1.04 
2.86 
2.75 
0.41 
3.36 
0.53 
4.0 
7.4 
1.28 
Antrim Antrim Antrim Antrim Antrim Antrim Antrim 
Plateau Plateau Plateau Plateau Plateau Plateau Plateau 
Volcanics Volcanics Volcanics Volcanics Volcanics Volcanics Volcanics 
52.04 51.44 53.42 52.62 51.71 51.23 53.23 
1.36 1.47 1.36 1.49 1.49 0.73 1.10 
14.19 13.95 13.69 13.75 13.70 15.99 14.31 
12.29 12.73 12.69 12.67 13.05 8.56 11.26 
11.06 11.46 11.42 11.40 11.74 7.70 10.13 
0.19 0.18 0.17 0.17 0.20 0.14 0.18 
5.35 
7.36 
3.57 
1.60 
0.16 
1.61 
98.47 
49.8 
8171 
707 
80 
13240 
37.4 
288 
45 
26 
111 .2 
19.8 
63.4 
174.4 
37.3 
168.1 
9.8 
2.1 
0.55 
287 
22.03 
45.60 
5.55 
22.31 
5.22 
1.36 
5.58 
0.94 
5.86 
1.21 
3.40 
3.23 
0.50 
4.08 
0.60 
6.0 
7.7 
1.29 
5.29 
6.00 
4.77 
1.16 
0.17 
2.48 
98.36 
48.6 
8807 
720 
60 
9662 
36.9 
294 
42 
22 
14.0 
18.5 
39.9 
123.4 
37.3 
170.3 
10.6 
1.9 
0.25 
191 
22.38 
47.72 
5.90 
23.70 
5.57 
1.43 
5.76 
0.99 
6.10 
1.29 
3.58 
3.46 
0.53 
4.27 
0.67 
4.0 
8.5 
1.42 
4.72 
5.90 
3.62 
2.04 
0.15 
2.46 
98.95 
45.9 
8153 
650 
60 
16967 
37.5 
302 
6 
14 
27.2 
18.2 
79.3 
154.5 
34.8 
153.1 
9.6 
1.9 
0.55 
273 
21.97 
45.00 
5.38 
21.28 
4.94 
1.26 
4.92 
0.86 
5.33 
1.15 
3.18 
3.13 
0.48 
3.73 
0.58 
8.0 
8.8 
1.51 
5.02 
5.87 
4.61 
1.61 
0.17 
2.28 
98.99 
47.4 
8933 
728 
60 
13356 
36.7 
291 
41 
22 
40.8 
18.8 
68.5 
197.8 
38.6 
176.6 
10.1 
2.1 
0.27 
293 
21.15 
45.50 
5.66 
23.09 
5.46 
1.35 
5.84 
0.98 
6.19 
1.30 
3.61 
3.43 
0.53 
4.42 
0.63 
4.0 
8.3 
1.35 
5.40 
5.38 
5.14 
1.13 
0.17 
2.87 
98.92 
48.5 
8921 
729 
50 
9355 
37.8 
300 
43 
24 
4.9 
18.9 
48.1 
176.8 
38.9 
185.8 
10.6 
2.2 
0.22 
180 
17.22 
41.19 
5.39 
22.60 
5.58 
1.31 
6.08 
1.03 
6.46 
1.34 
3.78 
3.59 
0.55 
4.69 
0.67 
2.0 
8.8 
1.43 
8.54 
11.19 
1.87 
0.74 
0.07 
1.44 
99.64 
69.5 
4346 
301 
100 
6168 
32.2 
195 
385 
118 
176.1 
14.1 
26.0 
134.0 
17.9 
69.1 
3.7 
0.8 
0.38 
131 
9.36 
19.25 
2.41 
9.99 
2.49 
0.74 
2.65 
0.46 
2.86 
0.60 
1.71 
1.63 
0.24 
1.72 
0.22 
4.0 
3.5 
0.46 
5.88 
7.84 
2.77 
2.25 
0.10 
1.88 
99.65 
54.3 
6577 
428 
80 
18694 
37.0 
290 
70 
42 
62.6 
18.1 
90.4 
157.4 
27.5 
115.4 
6.6 
1.6 
0.74 
278 
17.35 
35.50 
4.24 
16.84 
3.96 
1.02 
4.15 
0.70 
4.40 
0.91 
2.57 
2.44 
0.37 
2.94 
0.43 
9.0 
7.4 
1.24 
Samples analysed by laser ablation-ICPMS at the Research School of Earth Sciences, ANU. 
Mg#.l5 = molar[IOO*Mg/(Mg+Fe2+)] for Fe20 3/Fe0 = 0.15 
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Sample 
Name 
Si02 
Ti02 
AhOJ 
Fe20J, 
FeOt 
MnO 
MgO 
CaO 
Na20 
K20 
P20s 
LO l 
Total 
Mg#.l5 
Ti 
p 
s 
K 
Sc 
v 
Cr 
Ni 
Co 
Cu 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
Pb 
Th 
u 
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WL043 WL046 WL049 WL050 WL051 WL052 WL053 WMOOl WM002 
Antrim Antrim Antrim Antrim Antrim Antrim Antrim Antrim Antrim 
Plateau Plateau Plateau Plateau Plateau Plateau Plateau Plateau Plateau 
Volcanics Volcanics Volcanics Volcanics Volcanics Volcanics Volcanics Volcanics 
51.18 51.57 54.16 54.41 52.61 53.33 53.81 56.11 
0. 72 0. 74 1.40 1.41 1.26 1.20 1.18 1.06 
15.87 
8.48 
7.63 
0.13 
8.44 
11.32 
1.79 
0.77 
0.07 
1.89 
99.82 
69.4 
4340 
301 
890 
6417 
32.3 
198 
350 
120 
49.2 
14.7 
27.9 
135.9 
18.2 
70.3 
3.7 
1.2 
7.13 
150 
9.57 
20.06 
2.5 1 
10.32 
2.55 
0.77 
2.76 
0.48 
2.95 
0.62 
1.73 
1.68 
0.25 
1.80 
0.22 
4.0 
3.6 
0.50 
15.79 
8.66 
7.79 
0.15 
8.33 
9.24 
2.84 
1.36 
0.07 
1.71 
99.58 
68.7 
4412 
297 
50 
11298 
33.1 
205 
339 
104 
13.8 
14.7 
43 .7 
155.1 
18.2 
71.5 
3.8 
0.9 
0.54 
184 
9.49 
20.02 
2.49 
10.23 
2.57 
0.78 
2.76 
0.48 
2.99 
0.64 
1.77 
1.73 
0.26 
1.86 
0.23 
6.0 
3.7 
0.52 
13.51 
12.79 
11.51 
0.18 
4.70 
5.34 
3.49 
2.18 
0.14 
2.70 
99.30 
45.5 
8375 
598 
10 
18129 
37.4 
337 
II 
19 
43.5 
34.2 
18.4 
70.0 
138.4 
32.9 
148.8 
8.2 
2.4 
0.67 
301 
24.57 
50.56 
5.97 
22.74 
5.13 
1.27 
5.42 
0.88 
5.52 
1.17 
3.32 
0.49 
3.12 
0.47 
3.86 
0.62 
12.0 
10.1 
1.63 
13.74 
12.32 
11.08 
0.20 
4.52 
6.01 
3.25 
2.11 
0.14 
2.42 
99.29 
45.5 
8471 
611 
40 
17490 
38.2 
347 
II 
19 
41.7 
40.3 
18.7 
67.7 
132.4 
33.5 
154.3 
8.5 
2.2 
0.50 
296 
25 .20 
51.97 
6.13 
23 .47 
5.33 
1.34 
5.57 
0.92 
5.80 
1.23 
3.47 
0.51 
3.30 
0.49 
4.06 
0.65 
16.0 
10.7 
1.69 
14.26 
11.26 
10.13 
0. 16 
5.70 
7.23 
2.97 
1.81 
0.13 
3.07 
99.33 
53.5 
7578 
554 
20 
15033 
38.3 
338 
62 
41 
40.7 
41.8 
18.3 
47.3 
143.1 
30.3 
135.8 
7.1 
1.8 
0.36 
289 
21.56 
43.60 
5.15 
19.93 
4.64 
1.19 
4.96 
0.81 
5.15 
1.09 
3.08 
0.44 
2.92 
0.43 
3.43 
0.52 
20.0 
8.8 
1.48 
14.32 
11.68 
10.51 
0.21 
5.21 
8.44 
3.17 
1.57 
0.11 
1.37 
99.43 
50.4 
7170 
480 
10 
13008 
38.9 
322 
56 
43 
43 .6 
11.2 
18.4 
64.1 
155.1 
27.4 
112.7 
6.0 
2.1 
0.80 
227 
18.18 
37.56 
4.47 
17.72 
4.19 
1.10 
4.51 
0.74 
4.81 
1.01 
2.81 
0.41 
2.60 
0.39 
3.02 
0.43 
13.0 
7.6 
1.26 
14.44 
11.49 
10.34 
0.23 
5.66 
9.09 
2.26 
1.24 
0.11 
0.91 
99.25 
52.9 
7092 
467 
0 
10252 
40.4 
332 
58 
43 
45.0 
46.6 
19.3 
57.3 
149.5 
28.4 
115.5 
6.0 
1.9 
0.81 
219 
17.78 
36.68 
4.39 
17.36 
4.19 
1.13 
4.48 
0.75 
4.78 
1.01 
2.84 
0.41 
2.63 
0.39 
3.02 
0.46 
13.0 
7.6 
1.26 
14.09 
9.64 
8.68 
0.17 
4.61 
4.91 
3.34 
3.21 
0.15 
2.15 
98.48 
52.1 
6361 
637 
50 
26630 
30.5 
204 
64 
44 
33 .5 
19.0 
114.3 
118.9 
36.5 
178.3 
10.6 
2.9 
1.55 
325 
28.89 
58.44 
6.87 
26.43 
5.79 
1.31 
5.82 
0.98 
6.08 
1.28 
3.58 
3.42 
0.53 
4.72 
0.79 
18.0 
13.8 
2.50 
Volcanics 
50.53 
1.00 
14.82 
9.81 
8.83 
0.18 
8.15 
4.52 
3.99 
1.94 
0.10 
5.14 
99.18 
65.4 
5977 
449 
50 
16087 
37.9 
251 
134 
66 
41.3 
104.1 
15.8 
58.3 
179.5 
24.0 
96.9 
4.7 
1.3 
0.35 
314 
13.39 
27.61 
3.37 
13.63 
3.37 
1.00 
3.74 
0.64 
4. 19 
0.89 
2.49 
0.36 
2.27 
0.33 
2.48 
0.35 
29.0 
4.4 
0.71 
Samples analysed by laser ablation-ICPMS at the Research School of Earth Sciences, ANU. 
Mg#.l5 = molar[lOO*Mg/(Mg+Fe2+)] for Fe20 3/Fe0 = 0.15 
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Analyses for Cr was done by XRF due to potential inhomogeneity problems, because if 
chromian spinel was a crystallising phase, there may only be partial dissolution during melting 
in the box furnace. To test for this, selected basalt samples including two mica lamprophyres 
known to have chromian spinel, were analysed by the laser-ICPMS in order to make a 
comparison. The results for Cr and Ni are shown in Table AIV.2. 
Table AIV.2: Comparison of Cr and Ni analyses by XRF to Cr and Ni analyses by laser-ICPMS 
for selected basalts and two mica lamprophyres known to contain chromian spinel 
Sample Litholo~ Cr (XRF) Cr(ICPMS) Ni (XRF) Ni (ICPMS) 
C0002 basalt 62 62 39 36 
OL006 basalt 86 86 54 52 
OR021 basalt 124 123 65 65 
00009 basalt 134 128 62 34 
00011 basalt 117 124 56 55 
00012 basalt 124 125 54 56 
00015 basalt 126 129 57 57 
00024 basalt 107 131 50 49 
00025 basalt 58 58 39 38 
KT003 basalt 96 96 56 54 
KT004 basalt 79 79 47 48 
LB005 basalt II 9 21 21 
LBOI3 basalt 34 34 47 44 
LBOI5 basalt 17 17 34 34 
LBOI9 basalt 7 8 14 II 
LB026 basalt 43 55 29 27 
LB032 basalt 41 39 31 29 
N0003 basalt 58 61 59 56 
N0008 basalt 37 38 43 41 
N0009 basalt 39 37 42 41 
NOOI2 basalt 39 39 42 42 
NOOI3 basalt 43 39 47 44 
NOOI4 basalt 22 17 38 33 
N0016 basalt 22 14 37 9 
PL031 basalt 132 129 43 45 
PL033 basalt Ill 113 45 42 
PL048 basalt 73 71 42 41 
PL051 basalt 62 63 31 30 
PL052 basalt 75 75 35 35 
VR021 basalt I 4 17 16 
VR025 basalt 86 80 32 32 
VR027 basalt 104 110 60 49 
WH009 basalt I 4 19 16 
WL049 basalt II 9 19 17 
WL050 basalt II 10 19 17 
WLOSI basalt 62 63 41 37 
WL052 basalt 56 52 43 41 
WL053 basalt 58 60 43 43 
WM002 basalt 134 141 66 63 
CJ680 mica lamprophyre 338 267 81 77 
MD245 mica lamprophyre 930 798 321 148 
In general, both Cr and Ni data are in good agreement for the basalts. The mica lamprophyres 
are less in agreement, probabaly due to the partial dissolution of chromian spinel during 
melting. Figure A VI. I shows Cr and Ni data from both XRF and ICMPS plotted against each 
other and a regression line fitted through the data. 
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Figure AIV.l : (a) Cr (XRF) versus Cr (ICMPS) and (b) Ni (XRF) versus Ni (ICPMS) 
The regression line through the Ni data excludes the two points which deviate off the line. It is 
possible that in the reducing environment in the furnace, liquid Fe or liquidS may have dropped 
out sequestering in the process siderophile elements, e.g. Ni. 
AIV.3: Accuracy & Precision 
Forty-one BHVO and 10 BCR-2G analyses were analysed within batches of unknowns as a 
measure for accuracy and precision. The average of both standards, the error (lo), the precision 
and accuracy are shown in Table AIV.3 . 
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Table AIV.3: Results for BHVO and BCR-2G standards, with precision and accuracy compared to 
the recommended values for BHVO, Eggins et al. (1997) and BCR-2G, (Norman et al. (1998). 
BHV0-1 BHV0-1 standard *BHV0-1 *BHV0-1 BCR-20 BCR-20 standard **BCR-20 **BCR-20 
Elements Eggins et al. measured deviation Precision Accuracy Norman et measured deviation Precision Accuracy 
(1997) ppm (n=41) 1cr % % a/. (1998) (n=10) 1cr % % ppm ppm ppm 
Sc 31.8 31.9 1.6 4.9 0.3 33.0 31.7 0.7 2.3 -3.9 
v 321 320 7.6 2.4 -0.2 414 401 2.4 0.6 -3 .1 
Co 45 44 0.6 1.4 -2.1 
Cu 136 136 5.1 3.7 19.4 18.1 0.8 4.3 -6.9 
Oa 21.0 21.0 0.6 2.6 22.7 21.2 0.5 2.4 -6.6 
Rb 9.5 9.3 0.6 6.5 -2.3 49 51 1.6 3.1 5.1 
Sr 390 391 6.8 1.7 0.2 342 319 7.1 2.2 -6.7 
y 28 27 0.9 3.5 -5.2 35.3 35.7 1.0 2.8 1.2 
Zr 180 169 7.2 4.2 -6.4 194 180 5.5 3.0 -7.3 
Nb 19.5 18.2 1.2 6.8 -6.9 12.8 12.8 0.7 5.8 
Sn 2.3 2.2 0.3 15.3 -6.2 
Cs 0.100 0.130 0.0 20.8 2.3 1.13 1.05 0.0 4.5 -6.8 
Ba 133 130 2.4 1.9 -2.1 660 627 20.9 3.3 -4.9 
La 15.5 15.3 0.4 2.4 -1.6 24.5 24.1 0.9 3.6 -1.6 
Ce 38 38 0.8 2.2 50.5 50.4 1.8 3.6 -0.3 
Pr 5.45 5.36 0.1 2.2 -1.7 6.8 6.5 0.2 3.8 -5.1 
Nd 24.7 24.3 0.7 3.0 -1.5 29.0 27.2 1.1 3.9 -6.4 
Sm 6.17 6.09 0.2 2.5 -1.3 6.6 6.2 0.3 4.0 -6.1 
Eu 2.06 2.00 0.1 2.9 -2.8 1.92 1.79 0.1 4.6 -6.9 
Od 6.22 6.08 0.2 3.9 -2.2 6.5 6.2 0.3 5.3 -5.2 
Tb 0.95 0.92 0.0 3.6 -3.6 
Dy 5.25 5.20 0.2 3.2 -1.0 6.5 5.8 0.4 6.2 -10.0 
Ho 1.00 0.97 0.0 3.8 -3.0 1.31 1.20 0.1 4.8 -8.8 
Er 2.56 2.44 0.1 3.8 -4.5 3.6 3.3 0.2 6.3 -8.8 
Yb 1.98 1.90 0.1 4.6 -4.1 3.5 3.1 0.2 5.5 -12.5 
Lu 0.280 0.273 0.0 6.5 -1.7 0.51 0.48 0.0 6.1 -6.9 
Hf 4.30 4.18 0.2 5.7 -2.7 5.0 4.5 0.2 4.1 -10.6 
Ta 1.200 1.14 0.1 4.9 -5.0 0.78 0.73 0.0 5.6 -6.9 
Th 1.26 1.21 0.0 3.5 -4.3 6.1 5.5 0.3 5.1 -10.1 
u 0.420 0.412 0.0 4.5 -1.8 1.73 1.55 0.2 10.3 -10.6 
* Relative to Eggms et al. (1997) 
**Relative to Norman et al. ( 1998) 
The majority of the measured BHV0-1 values are lower than the recommended values of 
Eggins et al. (1997). The measured values vary mostly between~ 1% lower and ~4% which are 
lower than the recommended values, however, measured Sc and Sr values are 0.3% higher. 
Some elements are ~6% lower e.g. Zr, Nb, Sn and Cs. The recommended value of Eggins et al. 
(1997) of 19.5 ppm for Nb contrasts with MIC-SSMS data, where values of 18.1 ± 0.5 and 18.3 
±0.5 ppm are reported, Shen-su Sun, pers. comm. 2002). In addition, new results, Makishima et 
al. (1999) reported a Nb value for BHV0-1 as 16 ppm. Reproducibity (precision) for some 
elements, e.g. Sn, Cs and Nb is poor, however most can be reproduced within~ 1 to 5%. 
BCR-2G measured values are lower than the recommended values of Norman et al. (1998) e.g. 
values can be ~ 10% lower, with the exception of Sr and Y which are higher. Reproducibility 
for most elements is poor ~2 to 6%, with the exception of U where the reproducibility is out by 
10%. The precision and accuracy for measured BHV0-1 and BCR-2G standards compared 
with literature values can be seen diagramatically in Figure AIV.2. 
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• % Difference from recommended 
values of Egg ins et at. ( 1997) 
• BHV0-1 precision ±1a 
Sc V CoCu Ga Rb Sr Y Zr NbSn Cs Ba La Ce PrNd Sm Eu GdTb DyHo Er Yb Lu HfTa Th U 
• % Difference from recommended 
values of Norman et al. (1998) 
• BCR-2G precision ±1a 
Sc V Cu Ga Rb Sr Y Zr Nb Cs Ba La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Hf Ta Pb Th U 
Figure A VI.2: Accuracy and Precision for measured BHV0-1 and BCR-2G values compared with 
recommended values from Eggins eta/. (1997) and Norman et aL (1998). 
Figure A VI.3 shows a comparison ofREE patterns for laser ablation-ICPMS averaged data with 
BHV0-1 values from Eggins et al. (1997) and BCR-2G values from Norman et al. (1998). 
__________________________________________________ 315 
Appendix IV: Major & Trace Element Analytical Methods and Results 
• BHV0-1 Eggins et al. (1997) 
• BHV0-1 Measured average 
La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu 
200 
• BCR-2G Norman et al. (1998) 
• BCR-2G Measured average 
La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu 
Figure A VI.3: REE measured average data for BHV0-1 and BCR-2G compared with data from 
Eggins eta/. (1997) and Norman et aL (1998). 
AV/.4: NIST612 International Standard 
All data is referenced to the international standard NIST612 standard glass. Table AIV.4lists 
the NIST612 values used in all calculations relative to values of Pearce et al. (1997) and Eggins 
et al. (1998). 
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Table AIV.4: NIST612 glass values used in this study and values from Pearce eta/. (1997) and 
Eggins eta/. (1998). 
NIST 612 glass NIST 612 glass, NIST 612 glass, 
used in this Pearce et a!. Eggins et at. 
Element study ( 1997) ( 1998) 
Ca 85700 85263.6 
Sc 41.1 41.1 39.0 
v 39.0 39.2 38.0 
Cr 37.6 39.9 
Co 35 .5 35.3 
Ni 38.8 38.4 
Cu 36.7 36.7 
Ga 35.9 36.2 36.0 
Rb 33.9 31.6 31.4 
Sr 77.3 76.2 78.0 
y 41.7 38.3 40.5 
ZI 39.1 36.0 38.3 
Nb 39.7 38.1 39.7 
Sn 37.7 38.0 
Cs 41.1 41.6 
Ba 38.9 37.7 38 .5 
La 35 .5 35 .8 35 .5 
Ce 38.7 38.6 38 .0 
Pr 38.7 37.2 
Nd 35.0 35.2 35 .2 
Sm 37.5 36.7 36.8 
Eu 34.6 34.4 35.0 
Gd 37.8 37.0 37.5 
Tb 38.3 35.9 
Dy 35 .7 36.0 36.0 
Ho 38.6 37.9 
Er 37.7 37.4 38.6 
Tm 37.7 37.6 
Yb 37.5 40.0 39. 1 
Lu 36.5 37.7 
Hf 34.8 34.8 37.7 
Ta 39.8 39.8 40.1 
Pb 38.7 39.0 38.6 
Th 37.3 37.2 37.8 
u 36.3 37.2 37.4 
AIV.S: PGE Geochemistry 
The nickel sulphide fire assay method for PGE analysis is documented in detail by Jackson et 
al. (1990) and will be described briefly here. Approximately 15 g of sample powder for 25 
Kalkarinji basalts and dolerites were sent to Geoscience Laboratories, Sudbury, Ontario for 
analyses of Ru, Rh, lr, Pt and Au by nickel sulphide collection fire assay. The sample and flux 
reagents were mixed in a fire-clay crucible and fusion was conducted in a preheated furnace at 
11 00°C for~ 1.5 hours. The crucibles were removed and allowed to cool. 
The NiS beads were digested in closed teflon vials with concentrated hydrocloric acid. The 
vials were heated in a convection oven at 110°C for ~8 - 12 hours to ensure complete 
dissolution of the NiS beads. The teflon vials were opened and the solutions were precipitated 
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by the addition of 3 ml Te (2000 ppm in 10% HCI) and 11 ml of SnCh (20% in 10 HCI). This 
resulted in the reductive precipitation of Te as a black coloured precipitate and leads to the co-
precipitation ofthe precious metals. 
The precipitate was then collected by vacuum filtration using a cellulose nitrate filter 
membrane. The membrane and precipitate were transferred back into the teflon vial. To 
dissolve the precipitate, 3 ml of aqua regia was added. The resulting solution was then 
transferred to a 25 ml volumetric flask and brought to volume using distilled deionized water. 
The solutions were then analysed by ICPMS. 
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APPENDIX V: STRONTIUM, NEODYMIUM & OXYGEN ISOTOPE ANALYTICAL 
METHODS 
A V.l: Methods- Strontium & Neodymium Isotopes 
Representative samples of Kalkarinji basalts and dolerites were selected to cover the 
geographical and stratigraphic extent of the province to document both spatial and temporal 
isotopic variation. In order to eliminate the effects of alteration, clinopyroxene separates were 
used in preference to whole rock samples. The rock samples were coarsely crushed using a 
hydraulic press, then crushed to a smaller size fraction in a tungsten carbide mill. The crushed 
sample was sieved and the fraction between 90 and 180 !liD retained. Clinopyroxene mineral 
separates were prepared using conventional heavy liquid separation techniques as documented 
in Appendix II. 
The heavy concentrate was then put through a Franz magnetic separator and the non-magnetic 
fraction (clinopyroxene) at 15· tilt and 0.75 Amps was retained. Major and minor element 
analyses obtained by electron microprobe (EDS) of all clinopyroxene separates used for isotopic 
work are listed in Appendix II. 
Rubidium, Sr, Sm and Nd were isolated using standard cation exchange and HDEHP chemistry. 
During the course of this study, two different acid washing procedures were employed. Initially 
clinopyroxene grains were first weighed and then washed twice for 10 minutes, hot (~120°C) 
2.5N HCI. (All HCl and HN03 acids were 1xQuartz distilled). They were then rinsed in H20 
(18 Mn milli-Q) 5 drops of concentrated HF plus 1 ml milliQ added and left cold for 10 
minutes. They were then rinsed twice more with 2.5N HCI. However, initial results in some 
cases produced higher than expected Sr concentrations for some of the separates and for most of 
the samples, a more aggressive procedure was used to diminish the chances of secondary 
minerals, e.g. apatite surviving. In this procedure, the mineral separates were first weighed, 
then acid washed. To each mineral separate, 6N HCl was added, the beaker placed in a 
ultrasonic bath for 10 - 20 minutes to disaggregate clinopyroxene grain boundary phases, then 
the sample was refluxed on a hotplate at ~150°C for 0.5 - 1hour. The acid was discarded and 
fresh 6N HCl was added, the procedure repeated except that the reflux time was decreased to 20 
minutes for the second wash. The 6N HCl was discarded, then the samples treated as in the first 
method. 
Prior to dissolution, a weighed aliquot of a well-calibrated, mixed 1 47Sm-15~d enriched isotope 
solution (ANU-1; 147Sm/15~d = 1.71869±0.00016) was added to each sample, as well as a 
weighed aliquot of an enriched 85Rb-84Sr solution. Two different 85Rb-84Sr solutions were 
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employed (LORBSR and HIRBSR) and selected on the basis of the Rb/Sr ratios and Sr 
concentration of the particular sample. After "spiking", the samples were dissolved by adding 
concentrated HF (~2 mls/100 mg sample) plus~ IO drops of concentrated HN03, sealing in 15 
ml screw top teflon beakers and then refluxing on a hotplate (~I50°C) for greater than I week. 
Once the samples were completely dissolved, they were dried down. The samples were then 
refluxed overnight with 6N HCl, plus concentrated HN03 (to eliminate fluorides), then dried 
down again. The samples were brought into solution in approximately 2 mls of IN HCI prior to 
loading on the ion exchange columns. 
Prior to loading, all samples were centrifuged for ~ 10 minutes in order to separate the solution 
from any precipitate. All of the dissolved samples were then passed through a 3g cation 
exchange column, where Rb, Sr and Sm-Nd were separated. Approximately 5 drops of 
concentrated HF were added to the dried Rb fraction in order to precipitate CaF2 and BaF2• The 
samples were then dried down and ~1-2 drops of Milli-Q H20 was added to each Rb sample. 
The samples were then refluxed for~ I hour (capped) then left to cool. A fraction of the H20 
was then loaded onto an outgassed Ta filament prior to analyses. The Sr cut was placed through 
a 1.6g clean up column and Sm and Nd were further separated using the HDEHP columns. 
Rb, Sr, Sm and Nd isotopic compositions were determined on a multi-collecter Finnigan MAT-
261 mass spectrometer. Rubidium and Sr separates were loaded onto outgassed Ta filaments 
with a HCI/H3P04 solution. Samarium and Nd fractions were loaded onto outgassed Ta 
filaments as part of a Re-Ta double filament assembly. Iterative spike subtraction and 
fractionation corrections were made on-line as part of the analysis software. 
A Vll: Strontium, Neodymium and Rubidium and Strontium isotopic results 
An initial Sr total chemistry blank of 235 pg was determined. However, during the course of 
this study the blanks increased with two of the blanks averaging ~2000 pg. Even these elevated 
backgrounds had negligible effect on the Sr compositions and concentrations for the unknown 
samples, as the isotopic composition of the blanks were similar to the Kalkarinji samples and 
the Sr concentrations of the unknowns were sufficiently high. For example, in the worst case, 
for a low average Sr concentration of 20 ppm for a 100 !-lg sample, the calculated proportion of 
the Sr blank will only be~ O.I% of the sample. 
Strontium isotopic analyses are corrected for fractionation using 86Sr/88 Sr = 0.1I94. All 
87Sr/86Sr data are reported relative to an average obtained for NBS-987 of 0.710230. Esr values 
are calculated at 508 Ma using chondritic reservoir (CHUR) parameters of 87Sri6Sr = 0.7045 
and 87Rb/86Sr = 0.0827. 
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The Nd procedural blanks ranged from 140 to 750 pg during this study. 143Nd/144Nd ratios were 
fractionation corrected using 146Nd/144Nd = 0. 7219. Measured 143Nd/144Nd compositions are 
corrected on the basis of long term replicate measurements of La Jolla, BCR-1 and in house 
standared Nd-1 such that BCR-1 yields a value of 0.512638. £Nct values are calculated at 508 
Ma using chondritic reservoir (CHUR) parameters of 143Nd/1 44Nd = 0.512638 and 147Sm/144Nd 
= 0.1967. 
Rubidium and Sr isotopic results are presented in Table A V.1 and Sm and Nd isotopic results 
are presented in Table A V.2 
Table AV.l : Rubidium and Sr isotopic data for clinopyroxene separates from Kalkarinji basalt 
and dolerite sameles a~e con·ected forT= 508 Ma 
8 7RIJI86Sr 
Sample Rb (ppm) Sr (ppm) (nmol/g) 8 7Sr/86Sr(O) 8 7Sr/86Sr (T) Esr(O) Esr(T) 
AR038-I 21.41 (10) 83 .692 (04) 0.740839 0.712773 (12) 0.70741 117.4 49.8 
AR038-2 18.94 (05) 56.282 (03) 0.974490 0.714812 (12) 0.70776 146.4 54.8 
00010 41.64 (52) 114.678 (05) 1.051904 0.716391 (15) 0.70878 168.8 69.3 
00015 42.19 (04) 125.404 (05) 0.974590 0.715371 (10) 0.70832 154.3 62.7 
00024 30.81 (07) 83.032 (03) 1.075012 0.715784 (13) 0.70800 160.2 58.3 
00025 56.56 (14) 99.154 (04) 1.652983 0.719912 (II) 0.70795 218.8 57.5 
00028 12.82 (<.01) 60.042 (03) 0.618425 0.713608 (II) 0.70913 129.3 74.3 
HS002 1.01 (01) 8.307 (<.001) 0.350815 0.711183 (14) 0.70864 94.9 67.4 
KBOOI 2.84 (<.01) 10.837 (<.001) 0.760323 0.716699 (13) 0.71120 173.2 103.6 
MROOI 7.73 (<.01) 22.019 (<.001) 1.018920 0.730273 (13) 0.72290 365.8 269.9 
N0004 16.12 (04) 64.636 (03) 0.721983 0.714112 (13) 0.70889 136.4 70.8 
PL030 29.26 (01) 104.477 (03) 0.811046 0.714492 (12) 0.70862 141.8 67.0 
PL038 44.91 (1.20) 149.945 (15) 0.867410 0.714335 (II) 0.70806 139.6 59.0 
PL040 13.76 (05) 102.081 (05) 0.390462 0.712293 (12) 0.70947 110.6 79.1 
PLOSI 21.92 (01) 46.945 (01) 1.353220 0.719283 (13) 0.70949 209.8 79.3 
PL053 33.89 (02) 63.622 (02) 1.543512 0.720220 (12) 0.70905 223.1 73.1 
PLOSS 32.33 (13) 114.440 (05) 0.818247 0.714359 (10) 0.70844 139.9 64.4 
PL063 37.24 (08) 107.777 (06) 1.000864 0.715068 (12) 0.70782 150.0 55.7 
PL067 58.02 (49) 62.671 (02) 2.684724 0.726345 (13) 0.70691 310.1 42.7 
PL068 30.53 (<.01) I 07.504 (04) 0.822547 0.714844 (I I) 0.70889 146.8 70.9 
PP004-I 12.70 (07) 47.8 16 (OJ) 0.769312 0.716786 (II) 0.71122 174.4 103.9 
PP004-2 4.35 (01) 19.020 (<.001) 0.662669 0.716070 (14) 0.71127 164.2 104.7 
PP004-3 10.93 (03) 52.823 (02) 0.599168 0.715471 (12) 0.71113 155.7 102.7 
WHOOI 91.75 (1.31) I 04.968 (02) 2.534682 0.726655 (II) 0.70831 314.5 62.6 
WL043 21.03 !2.44) 99.099 !07) 0.6 14605 0.712387 !13) 0.70794 112.0 57.3 
Numbers in parenthesis are 2o errors 
All data are a!lie corrected to 508 Ma 
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Table AV.2: Samarium and Nd isotopic data for clinopyroxene separates from Kalkarinji basalt 
and dolerite samples age corrected forT= 508 Ma 
Sample Sm (ppm) Nd(ppm) , . 7Smt"•N d 1• 3Nd/1••Nd (0) 1• 3Nd/1 .. Nd(T) CNd (0) eNd (T) 
AR038·1 1.3706 (17) 4.3315 (03) 0.191355 0.512465 0.511786 ·3.85 -4.19 
AR038-2 1.1797 (04) 3.5167 (02) 0.202836 0.512509 0.511792 -3.74 -3.34 
00010 3.2143 (03) 10.7681 (03) 0.180484 0.512429 0.511786 -3.85 -4.9 
00015 2.8460 (04) 9.3318 (03) 0. 184398 0.512437 0.511781 -3.95 -4.74 
00024 3.8119 (0 1) 12.4748 (04) 0.184754 0.512417 0.511760 -4.36 -5.13 
00025 4.1545 (06) 13.6530 (09) 0.1 83983 0.512433 0.511779 -4 -4.82 
00028 1.2076 (02) 3.7035 (02) 0.197 152 0.5 12530 0.511832 -2.96 -2.93 
HS002 1.3013 (03) 3.4993 (0 I) 0.224846 0.512565 0.511775 -4.08 -2.24 
KBOOI 2.38 14 (01) 8.3094 (04) 0.173272 0.512252 0.511633 -6.84 -8 .35 
MROOI 5.9686 (30) 25 .0746 (30) 0. 143907 0.512013 0.511492 -9.6 - 13.0 1 
N0004 0.9803 (25) 2.8262 (01) 0.209728 0.512521 0.511781 -3.95 -3.1 
PL030 3.6871 (02) 12.2903 (04) 0.181389 0.512454 0.511808 -3.42 -4.41 
PL038 3.8799 (03) 13.893 1 (09) 0.168853 0.512392 0.511788 -3.82 -5.62 
PL040 1.7280 (<.0001) 5.2997 (01) 0.197144 0.512493 0.511795 -3 .68 -3.65 
PL051 2.506 1 (01) 8.1 342 (06) 0.186282 0.512450 0.511788 -3.82 -4.49 
PL053 8.74 18 (08) 29.3240 ( 15) 0. 180245 0.512411 0.511769 -4.18 -5.25 
PL058 2.9279 (02) I 0.2562 (03) 0. 172603 0.512443 0.511827 -3.06 -4.62 
PL063 2.6888 (01) 9.3383 (03) 0.174092 0.512438 0.51 1817 -3.26 -4.72 
PL067 4.0981 (02) 13.6297 (06) 0.181674 0.512437 0.511790 -3.77 -4.74 
PL068 3.0108 (04) I 0.4458 (03) 0.174269 0.512325 0.511703 -5.48 -6.92 
PP004- I 2.6726 (01) 7.8821 (03) 0.205009 0.512371 0.511647 -6.58 -6.03 
PP004-2 1.5324 (03) 4.2622 (02) 0.217377 0.512367 0.511602 -7.46 -6. 11 
WHOOI 3.9872 (08) 13 .8237 (07) 0.174391 0.512404 0.511782 -3.94 -5.38 
WL043 1.6015 (03) 5.2139 ~03) 0.185720 0.512506 0.511846 -2.68 -3 .39 
Numbers m parenthesis are 2a errors 
All data are aoe corrected to 508 Ma 
A V.3: Methods - Oxygen Isotopes 
Aliquots of the clinopyroxene separates that were used for radiogenic isotope analysis were 
analysed for oxygen isotope compositions. Unlike the radiogenic isotope technique, the 
separates were not acid washed prior to extraction on the oxygen isotope line. The 
clinopyroxene separates were accurately weighed to ~ 1 OOmg aliquots. The process for the 
extraction of oxygen from the mineral separates is well described by Clayton & Mayeda (1963) 
and will be summerised below. 
The samples were transferred to nickel vessels on an oxygen isotope extraction line at the 
Research School of Earth Sciences, ANU, under constant argon gas. After loading, the argon 
gas was extracted and each vessel filled with BrF5 which were then sealed off from the line. 
Heating canisters were placed over all vessels and heated overnight at ~800°C. The BrF5 
reacted with each sample liberating 0 2 gas from the clinopyroxene separates. The liberated gas 
is converted to C02 gas by reaction with a heated carbon electrode in a glass conversion 
chamber. Residual non-condensable gas is extracted by placing a dry ice/ethanol mixture over 
the sealed glass chamber. The dry ice/ethanol mixture causes C02 to condense while the non-
condensable gases e.g. 0 2 and N2 are liberated. The C02 gas is then concentrated into a clean 
glass tube and sealed with an oxy-acetylene torch. The samples were analysed by the MAT 251 
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mass spectrometer at the Research School of Earth Sciences, ANU. Each sample was analysed 
in duplicate in order to check for reproducibility. The samples were normalised to SMOW 
(standard mean ocean water) and processed in an Excel spreadsheet developed at RSES, ANU. 
The results are listed in Table A V.4. Data for the NBS-28 standard is presented in Table A V.S. 
A V.4: Oxygen Isotope Compositions 
Table AV.4: Oxygen isotope data for Kalkal"inji mineral separates 
Sample bl80 Average ±20 Sample bl80 Average ±20 bl80 b l 80 
AR038-A 9.43 N0008-B 7.71 
AR038-B 8.54 8.98 0.62 N00 12-A 7. 11 
OR021-CPX-A 7.03 N0012-B 7.29 7.20 0.12 
OR021-A-FSP 7.54 PL030-A 7.62 
OR021-B-FSP 7.66 7.60 0.09 PL030-B 7.79 7.70 0.12 
00010-A 8.84 PL038-A 8.36 
00010-B 9.29 9.07 0.32 PL038-B 8.14 8.25 0.15 
00015-A 8.30 PL040-A 7.91 
00015-C 8.27 8.29 0.02 PL040-B 7.17 
00024-A 8.04 PL040-C 7.50 7.53 0.37 
00024-0 8.04 8.04 0.00 PL051-A 7.91 
00025-B 8.4 1 PL051-B 8.22 8.06 0.22 
00025-C 7.14 7.77 0.90 PL053-A 7.90 
00028-A 8.84 PL053-B 8.09 7.99 0.13 
00028-C 8.32 8.58 0.37 PL058-A 9.10 
HS002-A-CPX 6.88 PL058-B 9.62 
HS002-B-CPX 6.80 6.84 0.06 PL058-C 9.45 9.39 0.27 
HS002-FSP-A 7.36 PL063-A 8.44 
HS002-FSP-B 7.41 7.39 0.03 PL063-B 8.28 8.36 0.11 
KBOOI -C 6.50 PL067-A 9.30 
KBOOI-0 6.43 6.46 0.05 PL067-B 8.77 9.04 0.37 
KTOO 1-FSP-A 8.25 PL068-A 9.02 
KTOO 1-FSP-B 8.36 8.31 0.08 PL068-B 9.2 1 9.11 0.14 
LBO II -FSP-A 3.96 PP004-B 8.40 
LBOII-FSP-B 4.52 4.24 0.39 PP004-C 8.50 8.45 0.07 
LBOII-CPX-A 8.97 WHOOI-A 10.03 
LBOII-CPX-B 8.57 8.77 0.28 WHOOI-B 9.00 9.51 0.73 
N0004-A 8.33 WL043-A 9.09 
N0004-B 8.74 8.53 0.29 WL043-B 8.94 9.0 1 0.11 
CPX- clinoe;rroxene, FSP- feldsear 
TableAV.5: Oxygen isotope data for NBS-28 standard 
Date Average 
analysed Sameie bl80 bl80 ± 20 
24.05.2001 NBS-28 9.04 
24.05.2001 NBS-28 10.01 
24.05.2001 NBS-28 9.88 
24.05.2001 NBS-28 10.16 
24.05.2001 NBS-28 9.17 
24.05.2001 NBS-28 8.97 
24.05.2001 NBS-28 9.44 
12.06.2001 NBS-28 9.97 
12.06.2001 NBS-28 10.01 
12.06.2001 NBS-28 9.54 
12.06.2001 NBS-28 9.82 
12.06.2001 NBS-28 10.07 
12.06.2001 NBS-28 9.81 
12.06.2001 NBS-28 9.11 
19.06.2001 NBS-28 9.27 
28.06.2001 NBS-28 9.57 
06.07.2001 NBS-28 9.72 
06.07.2001 NBS-28 10.00 9.64 0.39 
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APPENDIX VI: MINERAL-MELT PARTITION COEFFICIENT ANALYTICAL 
METHODS 
A VI. I: Thin-section Analysis 
Microphenocryst compositions (representing the mineral component for D, where D = mineral-
melt partition coefficient) were analysed directly from thin-section. Thin-sections were initially 
examined optically under a transmitted light microscope to select microphenocrysts which 
lacked alteration, i.e. did not appear cloudy, and only grains that appeared petrographically 
fresh. Typical microphenocryst sizes ranged from I 00 to 250 [liD . 
The thin-sections were then cleaned thoroughly with ethanol prior to analysis on the Laser-
ICPMS. The operating procedure for the Laser-ICPMS has been documented previously in 
Appendix IV. The area to be analysed was initially rastered with two pulses from the laser to 
remove surface contaminants. A spot size of 65 [liD was used. 
Major elemental oxide compositions were analysed by EDS at the Research School of Earth 
Sciences, ANU. The procedure has been documented in Appendix II . 
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